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A B S T R A C T
Thermal barrier coatings (TBGs) are protective multi-layered metal-ceramic coatings 
used to improve the efficiency of jet engine and gas turbines. They are composed of a 
superalloy substrate, an intermediate metallic bond coat (BC), and a ceramic topcoat. 
Thermal barrier coatings are beset by reliability problems arising from the delamination 
of the ceramic topcoat after a certain amount of service life at high temperature. The 
present work examines one of the most important causes of TBC failure, namely, “rum­
pling” , or progressive roughening of the BC surface in BC-superalloy systems upon high 
temperature exposure. A combined experimental and analytical approach is taken to 
study the rumpling phenomenon.
Thermal cycling and isothermal experiments are carried out on platinum aluminide, 
Mcraly, and nickel aluminide BCs deposited on a nickel-based superalloy in air. Isother­
mal experiments are carried out in vacuum on nickel aluminide and platinum aluminide 
BC-superalloy systems. The experiments in air and in vacuum show tha t a no m inally  flat 
BC surface rumples to a wavelength of about 60-100 pm, and an amplitude of 5-8 pm. 
The rumpling is seen to be relatively insensitive to  the initial BC surface morphology. 
Significant initial flaws are not necessary for rumpling to occur. Rumpling is also seen to 
occur in the absence of the oxide layer over the BC. Thermal cycling is not necessary for 
rumpling to occur. For the experiments in vacuum on the nickel aluminide BC-superaUoy 
system, the rumpling is seen to show an increasing correlation with the BC grains for 
decreasing isothermal temperature.
To explain the BC rumpling phenomenon observed in the current study, we develop 
a linear stability model for surface evolution of films under a remote stress. The driving
111
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force for the BC rumpling is assumed to be the thermal mismatch stress in the BC, as 
indicated by the experimental results. Further, the deformation kinetics is assumed to be 
governed by BC volume and BC surface diffusion. A governing equation is derived tha t 
gives the amplitude change of BC surfaces as a function of time. A parametric study is 
then carried out using a range of practically important input values of the BC material 
properties and the testing conditions. Continuous evolution of the BC surface at high 
temperature is predicted, with different rumpling behaviors for BC surface perturbations 
of different wavelengths. The amplitude of the surface perturbations with wavelength 
higher than a critical value monotonically increases with time, while the amplitude of 
perturbations with wavelength lower than the critical value monotonically decreases with 
time. The analysis establishes a range of wavelengths for which the perturbation ampli­
tude increases at a significantly higher rate as compared with other wavelengths. Further, 
at the dominant instability wavelength, under low-stress and high-temperature condi­
tions, the model shows that the roughening is caused only by volume diffusion, while 
smoothing is caused only by surface diffusion. The assumption that the BC rumpling is 
governed by diffusive processes implies that BC grain-boundary diffusion would become 
increasingly important with decreasing temperature. The above model predictions are 
shown to agree with the BC rumpling observations reasonably well.
We have established that the various diffusive processes in the BC driven by the BC 
stresses play an important role in BC rumpling, and we have identified particular BC 
material parameters and testing conditions tha t control the BC surface rumpling and 
hence the rumpling-related TBC failure modes. Guidelines to improve TBC performance 
are presented.
IV
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C H A P T E R  1
IN T R O D U C T IO N
Thermal barrier coatings (TBCs) have been developed to boost the performance of gas 
turbines, je t engines, and diesel engines (Goward, 1998; Meier and Gupta, 1994; Miller, 
1987; Padture et a l, 2002; Schulz et al., 2003; Sheffler and Gupta, 1988; Stiger et al., 
1999; Strangman, 1985)^. These coatings are multi-layered structures that help reduce 
the temperature of the hot components in these applications, resulting in an improved 
efficiency and component creep life. In late 1980s, Sheffler and Gupta (1988) showed 
that the efficiency gains by incorporating TBC technology could potentially save up to 
40 million gallons of fuel a year for a fleet of 1000 aircraft. In spite of these advantages, 
TBC technology has been incorporated in the gas turbine industry rather slowly.
Figure 1.1^ shows a typical TBC system consisting of (i) a ceramic top layer, which 
provides the required temperature gradient, (ii) an intermediate (metallic) bond coat 
(BC) deposited on the base superalloy to enhance the TBC oxidation resistance and 
improve the adherence of the ceramic top layer, and (hi) a thermally grown oxide (TGO), 
which forms over the BC surface at the BC^eram ic interface and continuously evolves 
at high temperature. The thermal expansion coefficients of these constituents of a TBC 
system are different, giving rise to thermal mismatch stresses as the temperature in the 
structure changes. In addition, growth stresses exist in the TGO due to continuous 
formation of TGO material at high temperatures.
^References are listed alph.abeticaUy by author in the References section, beginning on page 104. 
^Figures are collected at the end of each chapter.
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One of the problems limiting the use of TBCs is the ceramic topcoat spallation after 
a certain amount of thermal exposure. The spallation of the topcoat is quite danger­
ous since the local operating temperatures in the gas turbine hot sections can exceed 
the melting temperature of the superalloy substrate. The reasons behind this sudden 
delamination are poorly understood.
While it is generally known that final TBC failure occurs by buckling and spalling of 
the ceramic layer, the origin of the required critical flaw is widely debated. The TBC 
failure problem has been investigated under isothermal, thermomechanical, and cyclic 
thermal histories (McDonald and Hendricks, 1980; Miller and Lowell, 1982; Wu et ah, 
1989; Bartlett and Maschio, 1995; Bose and Demasi-Marcin, 1997; Busso et al., 2001; 
Wright, 1998; Clarke and Shillington, 1999; Ibegazene-Ouali et a l , 2000; Bouhanek et al., 
2000; Vaidyanathan et al., 2000; Tolpygo and Clarke, 2001; Ruud et al., 2001; Tolpygo 
et al., 2001; Baufeld et ah, 2001; Bartsch et al., 2001, 2003; Schulz et ah, 2001; All et al., 
2002; Kim et al., 2002; Ambrico et al., 2001). Thermal barrier coating failure is seen 
to vary from system to system (Bouhanek et a l, 2000; Ruud et al., 2001; Tolpygo and 
Clarke, 2001; Tolpygo et al., 2001; Schulz et al., 2001). One of the significant indications 
from these studies is that the failure process is related to instabilities occurring at BC- 
ceramic interface, with the TGO in between (Wright and Evans, 1999; Evans et ah, 2001). 
Figure 1.2 (Evans et al., 2001) shows cracks growing in a TBC system at the BC-ceramic 
interface (with the TGO in between) upon high-temperature cycling. No clear cracks can 
be seen in the as-deposited condition (Fig. 1.2a), but after 76% of service life, periodic 
cracks appear (Fig. 1.2b). Note that the spacing between the cracks is about 50-100 /im 
and the deformation is almost entirely into the metallic BC.
One of the major instabilities believed to be responsible for crack generation and 
growth in TBC systems (Fig. 1.2) is the BC surface “rumpling” , or progressive rough­
ening of the BC surface to characteristic wavelengths in BC-superalloy systems upon 
high temperature exposure (Tolpygo and Clarke, 2000; Deb et ah, 1987; Pennefather 
and Boone, 1995; Holmes and McClintock, 1990; Zhang et a l ,  1999; Panat and Hsia, 
2004). The rumpling instability in the presence of the ceramic topcoat creates a geomet­
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ric incompatibility in the form of cracks at the BC-ceramic (or TGO-ceramic) interface 
(Figs. 1.3 and 1.2b) and contributes to TBC failure (Tolpygo and Clarke, 2000, 2001; 
Mumm et al., 2001; Baufeld and Bartsch, 2003). Note that the characteristic wavelength 
observed in the rumpling experiments on BC-superalloy systems (Tolpygo and Clarke, 
2000; Deb et al., 1987; Pennefather and Boone, 1995; Holmes and McClintock, 1990; 
Zhang et ah, 1999) shows a good agreement with the periodicity of the cracks in TBC 
systems upon high-temperature exposure, as shown in Fig. 1 .2 . The rumpling instability 
is shown to  be ‘suppressed’ under certain circumstances, e.g., when the TGO-ceramic 
interface remains intact (Tolpygo and Clarke, 2001). The suppression of rumpling can, 
however, give rise to residual stresses at the BC-TGO interface and contribute to other 
TBC failure processes (e.g. BC-TGO separation). This necessitates a thorough under­
standing of the mechanisms of BC rumpling.
Several experimental studies (Tolpygo and Clarke, 2000; Deb et al., 1987; Pennefa­
ther and Boone, 1995; Holmes and McClintock, 1990; Zhang et al., 1999; Panat and Hsia, 
2004) and theoretical investigations (Balint and Hutchinson, 2003; He et al., 2000; Karls- 
son and Evans, 2001; Suo, 1995; Tolpygo and Clarke, 2000; Panat et al., 2003b) have 
been carried out to address BC rumpling. Platinum aluminide, nickel aluminide and 
Mcraly (i.e. NiCoCrAlY) BCs deposited on superalloy substrates were shown to rumple 
at wavelengths ranging from about 40 pm (Tolpygo and Clarke, 2000) to about 300 pm 
(Pennefather and Boone, 1995) upon thermal cycling to temperatures up to 1200‘’C in 
air. The amplitude of rumpled surfaces in these experiments was up to 15 pm. Under 
very fast heating and cooling rates (1050°C to 300°C temperature change in less than 
a minute) along with mechanical loading of the superalloy substrate, the BCs did show 
rumphng (Holmes and McClintock, 1990; Zhang et al., 1999) or did not (Busso and 
McClintock, 1993). Other effects related to thermal shock were observed in these experi­
ments such as “scalloping” (Holmes and McClintock, 1990), i.e., large-scale spallation of 
the TGO and formation of highly elliptical voids (Busso and McClintock, 1993). Under 
isothermal experiments at 1100°C (Deb et al., 1987) and at 1150°C (Tolpygo and Clarke,
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2000), no rumpling vras observed. Suo et al. (2003) found extensive void formation below 
the TGO after 300 hr isotliermal exposure in air at 1150°C.
To understand the BC rumpling phenomenon, one needs to address two important 
issues, viz., the driving force for rumpling and the mass transport mechanisms tha t lead to 
the rumple formation. According to He et al. (2000) and Karlsson and Evans (2001), the 
plastic ratcheting of the BC driven by the thermal mismatch stresses in the developing 
TGO during thermal cycling can cause rumpling. Suo (1995) on the other hand has 
suggested tha t the highly compressive growth stresses in the TGO (on the order of 
gigapascals) would provide the driving force necessary for the metal atoms to diffuse along 
the TGO-metal interface (Fig. 1.4), leading to a wavy metal surface. In a recent model, 
Balint and Hutchinson (2003) have shown that the compressive stresses in the TGO 
along with the stresses in the BC can lead to rumpling when the BC undergoes power- 
law creep (dislocation creep). The above models are generic to metal-oxide systems and 
require the existence of highly stressed TGO for rumpling to occur. Tolpygo and Clarke 
(2000) have speculated tha t the rumpling in BC-superalloy systems occurs as a result of 
differential diffusion of such constituents as Ni and Al, perpendicular to the BC surface 
(Fig. 1.5). The model by Panat et al. (2003b) is based on the assumption that the 
stresses in a BC provide the necessary driving force for rumpling. A balance between the 
strain-energy density at the BC surface and the BC surface energy would then determine 
the characteristic rumple wavelength. The mechanism they proposed was the surface 
diffusion of BC atoms at the BC-TGO interface.
Thus, the possible deformation mechanisms of rumpling include: (1 ) cyclic plastic 
ratcheting of the BC driven by the stresses in the TGO, (2) dislocation creep in the BC 
driven by the stresses in the TGO and the BC, (3) diffusive processes in the BC driven by 
the material concentration gradients in the BC cross section, and (4) diffusive processes 
in the BC driven by the stresses in the BC or in the TGO. Note tha t the sources of the 
stresses in the TGO include its thermal mismatch with the BC (He et al., 2000; Tolpygo 
and Clarke, 2000) and its own growth at high temperatures (Suo, 1995), while those 
for BC include its thermal mismatch with the superaUoy substrate (Panat et a l ,  2003b;
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Karlsson and Evans, 2001; Watanabe et al., 2002; Haynes et al., 2004) and the phase 
transformations occurring in the BC at 650-700°C (Chen et al., 2003b). Also, possible 
diffusive processes in BC driven by the BC stress include surface diffusion, bulk diffusion, 
and grain-boundary diffusion.
The current investigation steins from the desire to clarify the driving force and the 
kinetics governing the rumpling processes in BC-superalloy systems. We carry out 
isothermal and cyclic thermal experiments on platinum aluminide, nickel aluminide, and 
NiCoCrAlY barrier coatings deposited on Rene N5, a nickel-based superalloy, in air. 
These experiments demonstrate that rumpling of comparable patterns occurs under a 
wide range of conditions, such as isothermal exposure and thermal cycling, with drasti­
cally different initial surface fluctuations. Microstructural examinations reveal poor cor­
relation between microstructural changes and rumpling peak/valley locations. To clarify 
the mechanisms of rumpling further, we subject the platinum aluminide and nickel alu­
minide BCs to isothermal experiments at various temperatures up to 1200°C in vacuum. 
The nickel aluminde BC is shown to form clear rumples in absence of oxidation. The BC 
grains and the BC microstructure in this case were not seen to influence the rumpling 
behavior. The platinum aluminide BC is shown to rumple at high temperatures, with 
the undulations correlated with the BC grains. We develop a model for rumpling tha t 
considers the kinetics of deformation of the rumpling process governed by a combination 
of surface and volume diffusion driven by the BC stress. This model is shown to explain 
the rumpling results in vacuum reasonably well.
The research done for this thesis is in three main parts. Each one will be given its 
own chapter. Chapter 2 presents the experimental observations of the rumpling in air. 
In Chapter 3, the results from the experiments in vacuum are reported. In Chapter 4, we 
present the continuum model developed to shed light on the rumpling results. Finally, in 
Chapter 5, the conclusions found at the end of each of the other chapters are summarized.
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Ceramic ( ~ 100 thick)
TGO ( 0 - 5  Jim)
Bond coat (~ 50 -  100 jim thick)
Superalloy (substrate)
F ig u re  1.1 Thermal barrier coating structure.
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F igu re  1.2 Cracks growing in a TBC system at the BC-ceramic interface, with the TGO 
in between, upon high temperature cycling (from Evans et al., 2001): (a) as-deposited 
condition, (b) at 76% of service life. Note that the cracks are periodically spaced with a 
period of about 50-100 /rm and the deformation is almost entirely into the metallic BC 
part.
F igure  1.3 Geometric incompatibility believed to be due to BC rumpling in the form of 
cracks at the BC-ceramic (or TGO-ceramic) interface in a TBC system (from Tolpygo 
and Clarke, 2000). Point ‘1’ shows a separated interface corresponding to  the “valley” of 
a BC rumple, while point ‘2 ’ shows an intact interface corresponding to the “peak” of a
BC rumple.
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TGO (under compression)
Atomic diffusion at 
TGO -  substrate
interface
BC or any other metal
substrate
F igu re  1.4 Rumpling model proposed by Sue (1995). The TGO under compressive 
stress drives the metal atoms to diffuse at the metal-TGO interface.
TGO
BC
Siiperalloy
F igure  1.5 Rumpling model speculated by Tolpygo and Clarke (2000). Concentration 
gradients related to the BC microstructure drive atomic diffusion to  give rise to  the BC 
surface rumpling.
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C H A P T E R  2
E X P E R IM E N T S  IN  A IR
It is clear from Figs. 1 .2  and 1.3 that the BC rumpling in BC-superalloy systems and 
the thermal degradation of the TBC systems are closely related. First, the periodicity 
of the cracks in the TBC structure (e.g. Fig. 1.2) upon high-temperature exposure is 
close to the periodicity associated with BC rumpling reported in the literature for the 
same material system (Tolpygo and Clarke, 2000). Also, the deformation is seen to occur 
entirely in the BC rather than in the ceramic (e.g. Fig. 1.3). Thus we believe that the 
TBC reliability can be better understood if a mechanistic explanation is found for the 
BC rumpling phenomenon. We thus start our investigation with thermal cycling and 
isothermal experiments on the BC-superalloy system (without the ceramic top layer) in 
air. The TGO is allowed to form on the BC surface and the rumpling phenomenon is 
observed. Bond coat surfaces with vastly different initial morphologies are used in the 
experiments to find the effect of initial flaws. The isothermal experiments clarify the 
role of BC ratcheting in causing BC rumpling. Conclusions are drawn from these results 
regarding the possible driving force and the deformation mechanisms tha t cause the BC 
rumpling process.
2.1 E x p erim en ta l P ro c e d u re
The substrate material used in the BC-superalloy systems in the current study 
was Rene N5, a nickel-based superalloy provided by General Electric Aircraft Engines
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(Cincinnati, Ohio). The superalloy samples were 5 mm x 5 mm x 22 mm in dimension. 
One of the surfaces of these samples was polished successively down to 1 nm. diamond 
paste to remove initial surface roughness prior to BC deposition. Three types of BC 
materials, platinum aluminide, NiCoCrAlY, and nickel aluminide, were deposited on the 
superalloy by Chromalloy Gas Turbine Corporation (Orangeburg, N.Y.). The platinum 
aluminide BC was deposited by electroplating a P t layer followed by a vacuum heat 
treatment and a vapor phase aluminization. The NiCoCrAlY BC was deposited by the 
electron beam physical vapor deposition (EB-PVD) method. The nickel aluminide BC 
was deposited by a vapor phase aluminization process. Each of the BC-superalloy sam­
ples was cut further using a wafering blade (Buehler, Lake Bluff, 111.) into cubes of 
approximately 5 mm x 5 mm x 5 mm. During the cutting process, each sample was 
protected by embedding it in an acrylic mount. The mount was then removed by acetone.
To observe the effect of surface texture on rumpling, three types of surface morpholo­
gies were induced on the platinum aluminide and NiCoCrAlY BC surfaces. In the first 
type, the BC surface was polished successively down to 1 pm diamond paste to produce 
a highly smooth surface. This procedure involved using 9 pm, 6 pm, 3 pm, and 1 pm 
diamond paste (Buehler, Lake Bluff, 111.), in tha t order. For polishing with 9 pm and 
6  pm diamond paste, the speed of the polishing wheel was between 60 and 120 rpm. At 
these grit sizes, the thickness of the BC was monitored after every 5-10 rotations of the 
polishing wheel using an optical microscope (OPTIPHOT, Nikon Corp., Tokyo, Japan). 
Polishing step with the 3 pm and 1 pm diamond paste involved a wheel speed of about 
592 rpm (driven by a motor). No monitoring of the BC cross section was necessary with 
the 3 pm and 1 pm diamond paste polish. The polishing wheels for all the sizes of the 
diamond paste were lubricated using an oil (Metadi fluid, Buehler, Lake Bluff, 111.). The 
second and the third types of the BC surfaces were polished by 60 grit and 600 grit 
SiC papers (Buehler, Lake Bluff, 111.). In the case of the platinum aluminide BC, an 
as-deposited surface was also used for comparison. The surface of the nickel aluminide 
BC used in cyclic experiments was in the as-deposited condition.
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The specimens were subjected to thermal cycling or isothermal heat in air. The 
thermal cycles, 25 in number, consisted of heating the specimens to 1200°C in 55 minutes, 
a hold tim e of about 50 min at 1200°C, followed by air cooling to 200°C in 25 minutes. 
Isothermal experiments were carried out on platinum aluminide BC at 960°C, 1100°C, 
and 1175°C with a hold time of 100 hr and also at 1200°C with a hold time of 25 hr. 
The hold time at 12G0°C was chosen so as to be approximately equal to the total time at 
high temperature for the cyclic experiments. For uniformity, the surfaces of all the BC 
samples used in isothermal experiments in air were polished successively down to 1 /rm 
diamond paste.
A box furnace (Vulcan 3-400HTA, NEYTECH, Bloomfield, Conn.) was used to carry 
out all the experiments in air. Temperature during the experiments was measured using 
a K-type thermocouple (Omega, Stamford, Conn.) calibrated using an optical pyrometer 
(The Pyrometer Instrument Company Inc., Northvale, N.J.). The surface emissivity of 
the BC-superalloy samples was taken to be 0.85 (from Greene et al. (2000), measured 
for Inconel 718, a nickel-based superalloy). The estimated error in the temperature mea­
surement was about ±  0.75% when measured in degrees centigrade. Some of the samples 
were cut and their cross section polished successively down to 1 y^ m diamond paste to 
observe the microstructural changes. The samples were examined using scanning elec­
tron microscopy (SEM), the semi-quantitative elemental analysis tool of energy dispersive 
X-ray spectroscopy (EDX), and profilometry.
2.2 Experim ental R esu lts
2.2.1 In itia l  M ic ro s t ru c tu re  a n d  C o m p o s itio n
Representative SEM images of the platinum aluminide BC are shown in Fig. 2.1. 
Figure 2.1a shows the cross section of the platinum aluminide BC having an outer zone 
(region 1) and an interdiffusion zone (IDZ) (region 2). The nominal composition of 
the BC is (wt%) 17Al-3.4Cr-5.9Co-34Pt-bal Ni as determined by EDX analysis. The
11
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BC is /3-Ni(Pt)Al with, the IDZ containing precipitates (bright regions in Fig. 2.1a) rich 
in refractory elements (W, Mo, and Ta). Alumina inclusions, shown by black arrows in 
Fig. 2 .la , were regularly placed at the border between region 1 and region 2. Occasionally, 
pores were observed in region 1 as indicated by the white arrow in Fig. 2.1a. This 
structure is typical of the platinum aluminide coatings reported in the literature (Mumm 
et ah, 2001; Tolpygo and Clarke, 2000; Deb et ah, 1987). The BC composition in the 
outer zone varied slightly in the direction perpendicular to the BC surface. Towards the 
top, the Al content increases (about 22 wt%), while towards the IDZ, the Al content 
decreases (about 15 wt%) with a concomitant increase in Co and Cr content. The 
nominal thickness of the IDZ was about 22±2 pm, while the thickness of the outer zone 
varied from about 24 to 30 pm depending upon the polishing treatment of the surface. A 
possible effect of this variation on the rumpling behavior is discussed in §2.3. Figure 2.1b 
shows an SEM micrograph (with backscatter electrons) of the top surface of the platinum 
aluminide BC polished successively down to 1 pm diamond paste. At high magnification, 
BC grains of variable sizes (5-10 pm) are seen with occasional occurrences of large-sized 
(15-20 pm) grains. Bright regions representing secondary PtAB can also be seen, mainly 
concentrated at the BC grain boundaries. These regions were present near the surface, 
reducing successively for thinner outer zones.
Figures 2.2(a,b) show cross-section images of a NiCoCrAlY BC at different mag­
nifications. The randomly distributed dark and bright regions in Fig. 2.2b represent 
regions with different chemical compositions. The dark regions have a composition of 
(wt%) 10.2AI-8.2Cr-24Co-bal Ni, while the bright region had a composition of (wt%) 2A1- 
23.3Cr-39Co-bal Ni as determined by EDX analysis. Figures 2.3(a,b) show the represen­
tative SEM images of the cross section and top views of the as-received nickel aluminide 
BC. The corresponding profilometer scan can be seen in Fig. 2.3c. The composition of 
nickel aluminide BC is (wt%) 13.7Al-6Cr-7.8Co-baI Ni as determined by EDX analysis. 
A two-layered structure consisting of an outer zone (label ‘1 ’) and an interdiffusion zone, 
or IDZ (label ‘2’) can be seen in Fig. 2.3a. The IDZ of the nickel aluminide BC contains 
precipitates (bright regions in Fig. 2.3a) rich in refractory elements, viz., W, Mo, and
12
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Ta. Alumina inclusions, shown by black arrows in Fig. 2.3a, are irregularly placed at the 
border between region 1 and region 2. Similar to the platinum aluminide BC, the BC 
compositions in the outer zones of the nickel aluminide BC varied slightly in the direction 
perpendicular to the BC surface. The Al content decreased from top (about 18 wt%) to 
the IDZ (about 11 wt%), with a concomitant rise in the Co and Cr content. The nickel 
aluminide BC grains can be seen in Fig. 2.3b. The grain size for the nickel aluminide BC 
is about 20 fim. The composition of the Rene N5 superalloy (from Walston et a l ,  1996) 
is (wt%) 7.5Co-7Cr-1.5Mo-6.5Ta-5W-3Re-6.2Al-0.15Hf-G.G5C-0.0G4B-0.01Y-bal Ni.
2.2,2 R u m p lin g  O b se rv a tio n s  
2.2.2.1 T h erm al C ycling E x p erim en ts
We first describe the rumpling observations for the platinum aluminide BC upon ther­
mal cycling, followed by those for the NiCoCrAlY BC, and the nickel aluminide BC. Rep­
resentative SEM micrographs of initial and rumpled surfaces of platinum aluminide BC 
under 25 thermal cycles from 200 to 1200°C, along with the profilometer scans, are shown 
in Figs. 2.4(a-d). Note tha t the figrue designations beginning with a given letter (say ‘a ’) 
refer to the same sample. The profilometer scans in Figs. 2.4(a2, a4, b2, b4, c2 , c4, d2, d4) 
correspond to the BC surfaces shown in Figs. 2.4(al, a3, b l, b3, cl, c3, d l, d3), respec­
tively. All scans have the same scale along the vertical axis for comparison. Further, the 
scan lengths have been chosen to be identical to the actual width of the SEM pictures. 
Figure 2.4al shows a BC surface polished successively down to 1 fim diamond paste, 
while Figs. 2.4(bl, cl, d l) show BC surfaces polished with 600 grit SiC paper, with 60 
grit SiC paper, and in an as-deposited condition, respectively. The corresponding line 
scans in Figs. 2.4(a2, b2, c2, d2) show surface fluctuations with a peak-to-valley distance 
of about 0.02 pm (not seen at the scale shown), 0.25 pm, 3 pm, and 2.5 pm, respectively. 
On subjecting these samples to 25 thermal cycles, the BC surfaces develop waviness as 
seen in Figs. 2.4(a3, b3, c3, d3) with peak-to-valley distance of about 4-5 pm, 10 pm, 6  
pm, and 8 pm, respectively. Note that the scans for the BC surfaces polished with SiC
13
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grit (Figs. 2.4(bl, cl)) are perpendicular to the polishing direction. The characteristic 
wavelengths of the rumples for all the samples can be seen to be about 60-100 f im . It 
is interesting to see that the amplitudes of the initial waviness of the BC samples var­
ied over two orders of magnitude, while those after thermal cycling were of the same 
order of magnitude. Figures 2.4(al-a4) indicate that significant initial defects on the BC 
surface were not needed for rumpling to occur. Further, the rumpling pattern seen in 
Figs. 2.4(b3, c3) does not appear to be influenced by the initial scratching directionality 
of the corresponding BC surfaces. Figs. 2.4(bl, cl). The rumples on the BC surface are 
randomly oriented, but have some local directionality.
Cross-sectional examination of the rumpled BC reveals additional important features 
of the rumpling phenomenon. Figure 2.5 is a cross-sectional SEM image of the rumpled 
surface in Fig. 2.4a3. Figure 2.5 reveals a 1-2 /rm thick TGO layer formed over the BC. 
The TGO is non-uniform in thickness due to a wavy BC-TGO interface. The wavelength 
of this interfacial waviness is about 3-5 pm, while its amplitude is slightly less than a 
micron. Thus, the BC top surface has a smaller waviness with a characteristic wavelength 
a few times the TGO thickness.
The platinum aluminide BC also experienced several changes in the initial microstruc- 
ture upon thermal cycling, as seen from the SEM image (with backscatter electrons) in 
Fig. 2.6, although the presence of two distinct regions in the cross section was similar to 
that before cycling, as seen in Fig. 2.1a. Most significantly, the upper region showed inter­
mittent zones of Al depletion, seen as lighter regions in Fig. 2.6b. The Al content in these 
zones was about 8.5 wt% as compared with about 15 wt% in the surrounding regions. 
Such Al-depleted zones have been identified as 7 ' regions in the literature (Tolpygo and 
Clarke, 2000; Mumm et al., 2001). The Al-depleted zones are located heterogeneously 
at the BC grain boundaries as shown in Fig. 2.6. The BC grain-boundaries have also 
undergone aluminum depletion as seen in Fig. 2.6. The thickness of the grain-boundaries 
thus appears to be about 0.3-0.4 /rm, consistent with the observations in the literature 
(Tolpygo and Clarke, 2000; Mumm et al., 2001). In reality, an apparent grain-boundary 
in Fig. 2.6 is actually a combination of two phase-boundaries. The Al depleted from the
14
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7 ' zones is "believed to be utilized in the formation of the TGO (Tolpygo and Clarke, 2000; 
He et al., 2000; Holmes and McClintock, 1990) during thermal cycling. The lower region 
of the cross section (Fig. 2.6a) can be seen to have randomly distributed (bright) pre­
cipitates rich in "VV, Mo, and Ta. Compared with the initial microstructure in Fig. 2.1a, 
the precipitates have undergone considerable coarsening and agglomeration upon high- 
temperature exposure. Note that the apparent thickness of the BC has considerably 
increased upon thermal cycling, consistent with the observations in the past (He et al., 
2000; Holmes and McClintock, 1990). This increase is believed to be due to  diffusion 
of Ni from the superalloy to the BC at high temperature and the subsequent decrease 
of the solubility of refractory elements below the BC-substrate interface (Holmes and 
McClintock, 1990).
An interesting rumpling pattern was observed near the free edge of the specimens. 
Figure 2.7a is an SEM micrograph of the middle region of a rumpled sample showing 
the random distribution of surface undulations. At the free edge, however, the rumpling 
ridges are distinctly aligned perpendicular to the edge, as shown in Fig. 2,7b. As shown 
schematically in Fig. 2.7c, the tensile stress normal to the free edge, Oxx^  in the BC 
vanishes at the edge. This stress component will gradually build up to the maximum 
over a distance of the order of the film thickness. In Fig. 2.7b, both the TGO and the 
BC are stress-free at the edge. The extent of the ‘edge zone’ is, however, of the order of 
the BC thickness («  1 0 0  jim).
Rumpling results for the NiCoCrAlY BC-superalloy system upon thermal cycling are 
shown in Figs. 2.8(a-d). The NiCoCrAlY BC surface polished down to 1 jim diamond 
paste is shown in Figs. 2.8(a, b). It is seen in Fig. 2.8(c, d) that, upon 25 thermal 
cycles, the BC surface rumples at a wavelength about the same as tha t of the platinum 
aluminide BC. The peak-to-valley distance in the initial waviness in Figs. 2.8(a, b) is 
about 50 nm (not seen for the scale shown in the figure). The rumple amplitude of the 
NiCoCrAlY BC (Fig. 2 .8 d) is about 2 pm, smaller than that for the platinum aluminide 
BC (Figs. 2.4(a3, a4)) by about a factor of two. For the NiCoCrAlY BC surface polished 
by 600 and 60 grit SiC paper, the initial surface fluctuations were too large for the
15
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rumpling to  be observed. Tbe rumpling results for the nickel aluminide BC-superalloy 
system upon thermal cycling are shown in Figs. 2.9(a, b). Clearly, rumpling has occurred 
in this BC-superalloy system as well. Note that the TGO over the nickel aluminide BC 
showed spalling during thermal cycling (i.e. bright regions over Fig. 2.9a).
2 .2 .2 . 2  Iso th e rm a l E x p erim en ts  in  A ir
Figure 2.10 shows a representative profilometer scan of the surface of a platinum 
aluminide BC-superalloy specimen subjected to 1200°C isothermal exposure for 25 hr. 
The initial surface profile was the same as that shown in Fig. 2.4a2. As seen in Fig. 2.10, 
the BC under isothermal exposure has rumpled with comparable rumpling amplitude and 
wavelength as that under thermal cycling experiments seen in Fig. 2.4a4. A representative 
SEM micrograph with backscatter electrons of the cross section of the BC subjected to 
1200°C isothermal exposure for 25 hr is shown in Fig. 2 .1 1 . Similar to the thermally cycled 
samples seen in Fig. 2.6, the BC for the isothermal experiments can be divided roughly 
into two regions, an upper region showing grain boundaries and a lower region consisting 
of bright precipitates rich in W, Mo, and Ta. However, unlike the thermally cycled 
samples, the Al depleted j '  regions were not seen in the upper region after isothermal 
treatment in Fig. 2.11. Figure 2.11 also shows alumina inclusions as dark regions at the 
boundary of the outer and the inner regions of the BC. These alumina inclusions were 
present before the isothermal exposure, as seen in Fig. 2.1a.
Surface morphologies of platinum aluminide BCs subjected to isothermal exposure 
in air at different temperatures are shown in Fig, 2.12. Rumpling is seen in specimens 
subjected to 1200°C isothermal exposure for 25 hr, and 1175°C isothermal exposure for 
100 hr in Figs. 2.12a and 2.12b, respectively. For isothermal experiments at 1100 and 
960°C with a hold time of 100 hr, however, no apparent rumpling could be observed 
(Fig. 2.12(c, d)). The rumpled surfaces seen in Figs. 2.12a, 2.4a3, and 2.4b3 all have a 
waviness with comparable wavelength and amplitude, but they appear to have a different 
degree of local directionality. The cause of the local directionality in rumpling patterns 
and its variation is not clear at present. A similar observation has been made by Tolpygo
16
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and Clarke (2000) for systems subjected to thermal cycling. In case of isothermal expo­
sure at 1175°C for 1 0 0  hr, the BC developed voids, about 10-15 j im  across near the 
interface between the upper and lower regions, Fig. 2.13. These voids were irregularly 
placed at a distance ranging from 90 pm to 1 mm from each other. An isolated void was 
observed a t 1200°C after 25 hr, while at other temperatures, isothermal exposure did not 
result in void formation.
In presence of a ceramic layer (not studied in the present work), the rumples in 
Figs. 2.4, 2.8, 2.9, and 2.10 would tend to introduce a geometric compatibility in the 
TBC system. The “hills” of the rumples would tend to “lift” the the ceramic, intro­
ducing cracks at the BC-ceramic (or TGO-ceramic) interface, similar to that shown in 
Figs. 1.2 and 1.3.
2.3 D iscussion
The experimental results presented in this chapter elucidate several aspects of the 
rumpling phenomenon. It is shown that rumpling of the BC surfaces can occur under 
cyclic as well as isothermal temperature histories. Bond coat surfaces with vastly different 
initial surface morphologies are shown to have rumpled to comparable wavelengths and 
amplitudes upon thermal cycling. Changes in the microstructure of the BC have been 
observed during rumpling. In the present section we analyze these results in the context 
of the existing rumpling models by He et a l  (2000), Suo (1995), and Tolpygo and Clarke 
(2000).
2.3.1 R o le  o f  T h e rm a lly  G ro w n  O x id e  in  In d u c in g  B C  
R u m p lin g
Figure 2.14 shows SEM micrographs of a superalloy specimen without the BC 
(Fig. 2.14(a, b)) and with platinum aluminide BC (Fig. 2.14c) subjected to thermal 
cycles identical to those with the BC shown in Figs. 2.4. The micrographs at different
17
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magnifications (Fig. 2.14(a, b)) show that the superalloy surface has not rumpled in 
spite of the fact that the TGO on the superalloy surface is thicker than that on the BC 
surface (Fig. 2.5). Prior to thermal cycling, the superalloy surface and the BC surface 
in Fig. 2.14 were polished successively down to 1 pm diamond paste, similar to that 
in Fig. 2.4(al, a2). The supralloy-TGO interface exposed due to chipping of the TGO 
(Fig. 2.14b) has developed a surface roughness during thermal cycling. Note that the 
TGO spallation seen in Fig. 2.14b occurred during cutting of the specimen after the 
thermal cychng experiment.
Under thermal cychng of the bulk superailoy, the TGO stresses alone are expected 
to be dominant; while for the BC on the superalloy, the stresses in both the BC and 
the TGO might be important. From Fig. 2.14, it is clear that the presence of BC is 
critical for the rumpling to occur. Moreover, we observed from Fig. 2.4 tha t initial flaws 
of certain amplitude were not necessary to cause the BC surface to rumple, as required 
by the TGO-driven ratcheting model of He et al. (2000). These experiments suggest that 
the role of the TGO is limited in inducing the long-range rumpling seen in the present 
work and previous studies (e.g. Tolpygo and Clarke, 2000; Deb et al., 1987; Pennefather 
and Boone, 1995; Holmes and McClintock, 1990; Zhang et ah, 1999).
In fact, a TGO of a few microns thick is not hkely to result in rumpling with wave­
lengths of the order of 100 pm. A similar inference has been drawn by Suo (1995) and 
by Tolpygo and Clarke (2000). Suo (1995) suggests tha t his TGO stress-driven diffusion 
model (Suo, 1995) coupled with TGO growth kinetics would cause a metal substrate to 
rumple with wavelengths a few times the TGO thickness (Tolpygo and Grabke, 1994). 
Note tha t the small-scale waviness observed in the present work (Fig. 2.5) has indeed 
a wavelength tha t is a few times the TGO thickness. Tolpygo and Clarke (2000) have 
reported that a significant difference in the levels of TGO stresses at room temperature 
has no quantitative effect in the resulting BC rumpling amplitudes and wavelengths, fur­
ther indicating a hmited role of TGO in determining the rumpling behavior. For thicker 
TGOs developed in these systems, the TGO stress may play an important role in the sys­
tem behavior. In presence of the TBC, the BC is shown to develop conical ‘depressions’
18
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or ‘instability sites’ upon tbermal cycling (Ruud et a l, 2001; Mumm et al., 2001), These 
sites tha t affect TBC life (Ruud et ah, 2001) have a characteristic dimension a few times 
the TGO thickness. The TGO stresses may play an important role in their development 
(Karlsson and Evans, 2001).
Further work is needed to ascertain the role of the TGO growth stresses in the devel­
opment of the small-scale waviness observed in the current experiments (Fig. 2.5). One 
of the im portant implications from this discussion is that rumpling experiments need to 
be carried out in vacuum where the TGO can be eliminated altogether. We carry out 
such experiments as described in the next chapter.
2«3.2 R o le  o f  B C  M ic ro s tru c tu ra l  C h a n g es  in  In d u c in g  B C  
R u m p lin g
Tolpygo and Clarke (2000) suggested tha t the rumpling behavior is related to the 
microstructural changes in the BC. Particularly, the roles of the 7 ' phase formed in the 
BC under cyclic oxidation and the voids formed in the BC under isothermal oxidation 
have been emphasized. It was suggested that rumpling and void formation may be 
different manifestations of some form of common volume-depletion process. To check 
the validity of this argument, we analyzed Fig. 2.6 for a possible correlation between the 
microstructural evolution and BC rumpling behavior. Figure 2.15 shows the number of 
occurrences of the Al-depleted 7 ' phase in the BC cross section in Fig. 2.6a, as a function 
of their relative location with respect to the rumple peak and the adjacent rumple valley. 
If the distance between a peak and the nearest 7 ' region is Si, the normalized distance k  
is calculated by
k =  (2 .1)Ai
where \  is the wavelength of the surface undulation at the occurrence of the 7 ' phase 
as shown in Fig. 2.15. It is clear that the 7 ' phase coincides with the peak when the 
normalized distance / 0, or with the valley when I «  1 . Figure 2.15 shows that the 7 '
phase is not preferentially oriented either towards the valleys or towards the peaks of the
19
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rumples. A further look at Fig. 2.6 reveals that the occurrence of bright regions represent­
ing the precipitates rich in W, Mo, and Ta have a poor correlation with the occurrence 
of the rumples. Note also that prior to thermal cycling, the microstructural periodicity 
associated with the precipitates in the IDZ of the platinum aluminide BC is about 2-3 
pm (Fig. 2.1a), while that associated with the bright and dark regions in NiCoCrAlY 
BC, is about 3-4 pm (Fig. 2.1d), much smaller than the rumple wavelengths seen in 
experiments (Figs. 2.4 and 2.8). These observations indicate tha t the microstructural 
changes occurring in the BC are not strongly correlated with the rumpling phenomenon. 
A study of TBC systems by Mumm et al. (2001) with a similar BC as in the present work 
has also shown a poor correlation between occurrence of 7 ' domains and BC instability 
sites (i.e. valleys in presence of the ceramic topcoat) in their experiments.
Furthermore, the isothermal experimental results at 1175°C shown in Figs. 2.12a 
and 2.13 indicate that the distance between these voids (90 /um to 1 mm) did not cor­
respond well with the rumple wavelength. It should be recognized tha t void formation 
under isothermal conditions is an important phenomenon that may influence TBC failure 
(Tolpygo and Clarke, 2001). However, the relationship between BC rumpling and void 
formation is not well established.
2 A  C onclusions
The isothermal and cyclic thermal experiments carried out on BC-superalloy systems 
in air indicate that the driving force for rumpling formation is likely to be the stress in 
the BC rather than the TGO. Also, rumpling can occur under both thermal cycling and 
isothermal heating conditions. Rumpling wavelength is seen to be relatively insensitive 
to initial BC surface fluctuations. Significant initial flaws are not needed for rumpling 
to occur. The TGO appears to play a limited role in BC surface rumpling behavior. 
Several microstructural changes occur in the BC during rumpling. These changes are 
found to have a poor correlation with the periodicity associated with rumpling. Lastly,
20
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the rumpling behavior under isothermal conditions is seen to depend upon the hold 
temperature and time.
Glearl} ,^ it is necessary to eliminate the TGO completely in order to confirm the 
conclusion tha t the TGO plays a secondary role in the rumpling process. Such an exper­
iment would involve the BC stresses or BC concentration gradients as the only driving 
forces for rumpling. In the next chapter, the studies of BC rumpling in vacuum are 
described, where it was possible to eliminate the TGO and verify the conclusions from 
the experiments in air.
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2.5 F ig u res
u
>Bond coat
" Superalloy
(a)
(b)
F igu re  2.1 Bond-coat microstructures of platinum aluminide BC prior to thermal 
cycling, (a) Cross-sectional SEM micrograph of platinum aluminide BC showing outer 
zone (label ‘1’) and interdiffusion zone (label ‘2’). Black arrows show alumina inclu­
sions regularly placed between the two regions, while the white arrow shows a pore seen 
intermittently in the outer region, (b) SEM micrograph (with backscatter electrons) of 
platinum aluminide BC top-surface polished to 1 pm diamond paste.
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F ig u re  2 .2  Cross-sectional SEM micrographs of NiCoCrAlY bond coat at different magnifications (a, b) prior to thermal 
cycling. The randomly distributed dark and bright regions in (b) represent regions with aluminum contents of about 4 wt% 
and 15 wt%, respectively.
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F igure  2.3 As received nickel aluminide BC. (a) Cross-sectional SEM micrograph, (with 
backscatter electrons) showing outer zone, ‘1’ and interdiffusion zone, ‘2’. Black arrows 
show alumina inclusions regularly placed between the two regions, (b) Top view. Ridges 
along the grain boundaries are clearly visible, (c) Profilometer scan.
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F igu re  2.4 Representative SEM micrographs of initial and rumpled surfaces along with the corresponding profilometer 
scans for platinum aluminide BC. The SEM pictures and scans in a, b, c, d show BC surfaces polished successively 
down to 1 pm diamond paste, polished with 600 grit SiC paper, polished with 60 grit SiC paper, and in an as-deposited 
condition, respectively. The profilometer scans in (a2, b2, c2, d2, a4, b4, c4, d4) correspond to the BC surfaces shown in 
(al, b l, cl, d l, a3, b3, c3, d3), respectively. Figures (al, b l, cl, d l) show BC surfaces before thermal cycling. After 25 
thermal cycles, these surfaces become rumpled as shown in (a3, b3, c3, d3), respectively.
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VBC
F igure  2.5 Scanning electron micrograph showing the TGO morphology formed after 
25 thermal cycles on the platinum aluminide BC having an initial surface polished down 
to 1 /im diamond paste. The micrograph is taken at a tilt of 30° to the BC cross section.
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F igu re  2 . 6  Representative SEM micrographs (with backscatter electrons) of platinum aluminide BC cross section showing 
the microstructure after 25 thermal cycles: (a) low magnification image (b) a close-up view showing Y  domains along with 
BC grain boundaries. The white arrows in (b) indicate peaks of rumples.
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F igu re  2.7 Rumpling (a) at the specimen center and (b) at the specimen edge, (c) Expected variation of the thermal 
mismatch stress in a thin film.
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F igure  2.8 Representative SEM micrographs showing the top view of the NiCoCrAlY 
BC and corresponding profilometer scans, (a, b) Before thermal cycling, (c, d) After 
thermal cycling.
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F ig u re  2.9 Representative SEM micrograph showing the top view of the nickel aluminide 
BC (a) and corresponding profilometer scan (b) after 25 thermal cycles. The micrograph 
in (a) is taken at 30° inclination to the cross section.
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F ig u re  2.10 Profilometer scan of the top surface of platinum aluminide BC after 25 hr 
exposure at 1200°C. The initial surface profile was same as tha t shown in Fig. 2.4a2.
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F igu re  2.11 Representative SEM micrograph (with backscatter electrons) of platinum 
aluminide BC cross section showing the microstructure after 25 hr isothermal exposure 
at 1200°C. Alumina inclusions can be seen as the dark regions at the boundary of the 
outer and the inner region of the BC. These alumina inclusions were present before the 
isothermal exposure (Fig. 2.1a).
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(b)
(c)
F igu re  2 . 1 2  Scanning electron micrographs of platinum aluminide BC after isothermal 
exposure at (a) 1200°C after 25 hr, (b) 1175°C after 100 hr, (c) 1100°C after 100 hr, 
and (d) 960°C after 1 0 0  hr. The micrographs are taken at a tilt of 30° to the BC cross 
section.
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F igu re  2.14 Scanning electron micrographs of: (a) an unrumpled surface of bulk super- 
alloy, (b) a close-up view of the superalloy in (a), and (c) a rumpled surface of platinum 
aluminide BC-superalloy. Both the samples were subjected to identical thermal cycling, 
same as that for samples shown in Fig. 2.4. The micrograph in (c) shows tha t the sur­
face of the superalloy has developed roughness during thermal cycling. Prior to thermal 
cycling, all the surfaces were polished successively down to 1 fj,m diamond paste, similar 
to that in Fig. 2.4(al, a2). The micrographs are taken at a tilt of 30° to the corresponding 
cross-sections.
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F igu re  2.15 Occurrence of 7 ' phase relative to the rumples in Fig. 2.6. The schematic 
in the insert shows the method of calculating the 7 ' phase occurrence with respect to the 
rumpled surface.
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C H A P T E R  3
E X P E R IM E N T S  IN  V A C U U M
To eliminate the TGO completely from the BC top surface, one needs to carry out 
rumpling experiments in vacuum environment. This chapter explains isothermal experi­
ments carried out at various temperatures up to 1200°C in vacuum on platinum aluminide 
and nickel aluminide BCs deposited on Rene N5 superalloy. The nickel aluminide BC 
is shown to form clear rumples in the absence of significant oxidation. The BC grains 
and the BC microstructure in this case did not influence the rumpling behavior. The 
platinum aluminide BC is shown to rumple at high temperatures, with the undulations 
correlated with the BC grains. The BC rumpling observations in the absence of the TGO 
are shown to confirm the central role played by the BC stresses in driving rumpling. The 
results also point to  the BC diffusive processes governing the kinetics of rumpling. The 
diffusive processes include grain-boundary diffusion, surface diffusion, and bulk diffusion, 
or a combination of these processes.
3.1 Experim ental P ro c e d u re
The nickel aluminide BCs were subjected to isothermal exposure at 800°C, 1100°C, 
1150°C, 1175°C, and 1200°C. The surfaces of these BCs were in as-received condition or 
were polished using diamond paste to remove the initial surface undulations partially or 
completely. The platinum aluminide BC surfaces were polished down to 1 /im diamond 
paste and subjected to 800°C, 1100°C, 1175°C, and 1200°C. Some platinum aluminide
37
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BC specimens with as-deposited surface were also subjected to isothernial exposure at 
1200°C. The hold times for the experiments were 25 hr and 50 hr. The times and 
temperatures of exposure as well as the initial BC surface conditions were chosen to 
capture the important features of the behavior of these coatings at high temperatures in 
vacuum.
A tube furnace (HTF55322A, Lindberg/Blue M, Asheville, N.C.) along with a quartz 
tube was used for the vacuum experiments (Fig. 3.1). The quartz tube ran through the 
tube furnace and carried the specimens. This tube was connected to a roughing pump- 
diffusion pump assembly. The vacuum produced was up to 10“® torr at 1200°C. In some 
experiments, the vacuum level was seen to faU occasionally to about 10“® torr. Two 
fans on either side of the furnace cooled the end parts of the quartz tube. The furnace 
provided a linear heating rate of about 22°C per minute for all the experiments. The 
samples were furnace cooled at the end of the hold time for each of the experiments. 
The specimen temperature was measured using the same K-type thermocouple (Omega, 
Stamford, Conn.) used for the experiments in air (Section 2.1). As before, the estimated 
error in the temperature measurement was about ±  0.75% when measured in degrees 
centigrade. Some of the samples were cut and their cross section polished successively 
down to 1 pm diamond paste to observe the microstructural changes. The samples 
were examined using profilometry, scanning electron microscopy (SEM), energy dispersive 
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), Augur electron 
spectroscopy (AES), and Rutherford backscattering spectrometry (RES). Note tha t EDX 
is a semi-quantitative method that determines the BC elemental composition.
3.2 R esu lts
3.2.1 In itia l M ic ro s tru c tu re  a n d  C o m p o s itio n
Figure 3.2 shows the representative SEM image of the cross section (Fig. 3.2a), top 
view (Fig. 3.2b), and the corresponding profilometer scan (Fig. 3.2c) of the as-received
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platinum aluminide BC. The composition of platinum aluminide BC is (wt%) 17Al-?Cr- 
9Co-40Pt-bal Ni as determined by EDX analysis. A two-layered structure consisting of 
an outer zone (label T ’) and an interdiffusion zone, or IDZ (label ‘2’), can be seen in 
Fig. 3.2a. The IDZ contains precipitates (bright regions in Fig. 3.2a) rich in refractory 
elements, viz., W, Mo, and Ta. Alumina inclusions, shown by black arrows in Fig. 3.2a, 
axe present at irregular intervals along the border between region 1 and region 2. The 
BC composition in the outer zone varied slightly in the direction perpendicular to the 
BC surface. The A1 content decreased from the top (about 22 wt%) to the IDZ (about 
15 wt%), with a similar increase in the Co and Cr content. The platinum aluminide BC 
grains can be seen in Fig. 3.2b. The grain size is about 30-50 pm. The nickel aluminide 
BC had an initial microstructure same as that used for experiments in air (Fig. 2.3 and 
Section 2.2.1).
3.2 .2  Is o th e rm a l E x p o su re  in  V acu u m : N ickel A lu m in id e  B C
Figure 3.3 shows the nickel aluminide BC surface (Figs. 3.3(a, c)) and the corre­
sponding profilometer scan (Fig. 3.3b) after an isothermal exposure in vacuum at 1200°C 
for 25 hr. Clearly, the surface has developed rumples with a wavelength of 60-100 pm 
and an amplitude of 5-8 pm. This range of wavelength and amplitude is comparable to 
that observed in the current study (Chapter 2) and in the literature (Deb et ah, 1987; 
Tolpygo and Clarke, 2000; Holmes and McClintock, 1990) during cycling and isothermal 
experiments on BCs in air. In Fig. 3.3c, the BC grain boundaries are seen in addition 
to the BC rumples. Although a few BC grain boundaries were aligned along the rumple 
vaUeys, it is apparent tha t there is little correlation between the BC grains and the wavi­
ness. The difference in the periodicity of the rumples (Fig. 3.3b) and the BC grain size 
(Figs. 2.3b and 3.3c) confirms this conclusion. The rumpling seen in Fig. 3.3c has a local 
directionality, a feature also observed for platinum aluminide BCs under thermal cycling 
(Tolpygo and Clarke, 2000; Fanat and Hsia, 2004). The reason for this phenomenon is 
not known at present, but it possibly happens due to  local anisotropy in the BC material 
characteristics.
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
To estimate the thickness of the oxide layer developed over the BC, we use the method 
proposed by Strohmeier (1990) and Finnie et al. (2000). An XPS spectrum representing 
the Al 2p peak envelope of the BC surface is obtained, as shown in Fig. 3.4. The 
Mg K a X-ray radiation was used for the XPS scan (Physical Electronics PHI 5400 X-ray 
photoelectron spectrometer). The binding energies of the peaks representing Al metal and 
Al oxide are sufficiently apart to obtain the individual areas under the peaks (Fig. 3.4). 
Since the TGO over the BC surfaces is an Al oxide, the areas computed under these 
peaks can be utilized to estimate the oxide layer thickness (Strohmeier, 1990; Finnie 
et al., 2000). Although this method is used to obtain the thickness of Al oxide over a 
pure Al metal, it can also be used for an estimate of oxide thickness over an Al alloy by 
assuming tha t the metals other than Al are replaced by Al. The ratio of the areas under 
the peaks representing the Al metal (J^) and the Al oxide (Jq) is (from the curve-fit in 
Fig. 3.4) about 1/6.3. The oxide thickness, to, is then given by (Strohmeier, 1990),
io (A )  =  24 In ^1.4 -I- 1^ sin 6 , (3.1)
where 9 is the electron take-off angle with respect to the sample surface (45° for the 
present case). Equation 3.1 gives an oxide thickness of about 3.8 nm. According to 
Finnie et al. (2000) the oxide thickness is given by
to (A) =  22 In +  1^ sin 9. (3.2)
Equation 3.2 gives an oxide thickness of about 1.7 nm. This oxide layer thickness over the 
BC samples appears to be very thin, close to the native oxide thickness for Al (Saif et al., 
2002). In fact, we observed evidence of evaporation from the sample surfaces—metallic 
deposits were seen on the cooler parts of the tube furnace. It is thus likely that the BC 
surfaces were bare at high temperatures in vacuum and tha t the oxide layer observed 
over the BC (Fig. 3.4) is formed after the isothermal experiment in vacuum.
Figure 3.5 shows an SEM micrograph (with backscatter electrons) of the the cross 
section of the rumpled sample in Fig. 3.3, revealing several interesting features formed 
after the thermal treatment in vacuum. The BC grain boundaries are revealed in the cross
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section as the brighter regions seen due to chemical composition changes, as indicated 
in the high-magnification micrograph of Fig. 3.5. Large bright regions indicated by “n” 
can also be seen along the grain boundaries where aluminum was depleted (about 5 wt% 
Al) when compared with the BC matrix (about 11  wt% Al). The composition of the 
grain boundaries was identical to that of these bright regions. The thickness of the grain 
boundaries in Fig. 3.5 is about 1 pm, indicating tha t each grain boundary may actually 
consist of two phase-boundaries (also see the BC top view in Fig. 3.6). The overall loss 
of Al in the BC in the absence of oxidation can be attributed to  its diffusion to the 
superalloy (Tolpygo and Clarke, 2000) as well as to the BC surface and the subsequent 
evaporation at high temperatures. Alumina inclusions (denoted by “m”) are seen as 
the dark regions in the higher magnification micrograph of Fig. 3.5. These alumina 
inclusions were present before the isothermal exposure, as shown in Fig. 2.3a. The IDZ 
of the BC has developed random precipitates (denoted by “p”) rich in W, Mo, and Ta. 
These precipitates, when compared with the as-deposited condition (Fig. 2.3a), have 
undergone considerable coarsening and agglomeration upon high temperature exposure. 
The BC also shows considerable increase in thickness when compared to the as-deposited 
condition in Fig. 2.3. The visibility of the BC grains in Fig. 3.3c is due to extensive 
faceting of the BC surface developed upon the thermal treatm ent in vacuum, as shown 
in Figs. 3.6 and 3.7. Figure 3.6 shows that the facets along the grain boundaries and 
the interior of grains have a periodicity of about 200-300 nm. Interestingly, the BC has 
developed a waviness of tens of micrometers, essentially unaffected by these smaller-scale 
features, as shown in Fig. 3.7. Note that the surface faceting and the global rumpling do 
not show any correlation in Fig. 3.7. Also note tha t the directionality of the smaller-scale 
features was different for different BC grains (Fig. 3.6) and it changed even within a BC 
grain (Fig. 3.7).
To assess the effect of initial surface roughness on waviness formation, we polished a 
nickel aluminide BC sample down to 1 /rm diamond paste and subjected it to isothermal 
exposure for 25 hr at 1200°C in vacuum. Figures 3.8(a, b) show the initial surface of 
the BC and the corresponding profilometer scan. The initial BC surface undulations
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in Fig. 3 .8 b are about 30-40 nm in amplitude (peak -to-valley distance). After the 
isothermal exposure, the BC surface rumpled with an amplitude of about 4 pm, a two- 
orders-of-magnitude increase, as shown in Fig. 3.8(c, d). The inset in Fig. 3.8c shows 
the rumpling and the BC grains with no apparent correlation between the two, similar 
to the sample shown in Fig. 3.3.
The results of thermal exposure at 1175°C and 1150°G are shown in Fig. 3.9. Figure 
3.9a shows the BC surface after 50 hr thermal exposure at 1175°C. This surface topog­
raphy is quite similar to that for the specimen exposed to 1200°C, as seen in Fig. 3.3b. 
At this slightly lower temperature, however, some of the BC grain boundaries can be 
seen to be correlated with the rumpling ridges. At 1150°C after 25 hr exposure, the BC 
surface shows no clear long-range rumpling, but small fluctuations correlated with the 
grain boundaries are observed (Fig. 3.9b).
At lower temperatures of testing, the BC tended to form a non-uniform oxide layer 
over the surface of the nickel aluminide BC. Figure 3.10 shows SEM micrographs of the 
nickel aluminide BC after 50 hr exposure at 1100°C (Fig. 3.10a), and 100 hr isothermal 
exposure at 800°C (Fig. 3.10b) in vacuum. At 1100°C, the BC surface formed irregular 
oxide, as seen in Fig. 3.10a. Rumpling correlated with the BC grains can also be seen in 
the inset of Fig. 3.10a. At 800°C, however, no rumpling was observed (Fig. 3.10b).
3.2 .3  I so th e rm a l E x p o su re  in  V acu u m : P la t in u m  A lu m in id e  
B C
Figure 3.11 shows the surface morphology of a platinum aluminide BC before 
(Fig. 3.11a) and after (Fig. 3.11(b, c)) 25 hr thermal exposure at 1200°C in vacuum. 
Clearly, upon isothermal exposure, the initial polished surface with fluctuations of about 
20 nm in amplitude (Fig. 3.11a) developed a rumpled surface with an amplitude of fluc­
tuation of about 5-7 pm (Fig. 3.11(b, c)). This two-orders-of-magnitude increase in 
amplitude is similar to that for the nickel aluminide BC shown in Fig. 3.8. Unlike the 
nickel aluminde BC, however, the rumpling of the platinum aluminide BC was closely
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correlated with the BC grains, the grain boundaries being “depressed” while the grain 
interiors being “elevated” . The grain interior and boundary structures can be seen in the 
high-resolution SEM micrographs of the same BC surface in Fig. 3.12. Extensive faceting 
developed over the BC grain surfaces and along the grain boundaries. Note tha t these 
facets have a periodicity of about 1 0 0 ^ 2 0 0  nm, similar to that for the rumpled nickel 
aluminide BC (Fig. 3.6).
The thickness of the oxide layer over the platinum aluminide BC could not be esti­
mated using the XPS method (Strohmeier, 1990; Finnie et al., 2000) due to the Al 2p 
peaks being overlapped by the F t 4f peaks. We used AES to obtain the elemental com­
position as a function of depth over the platinum aluminide BC surface (Fig. 3.11b), as 
shown in Fig. 3.13, to measure the oxide thickness. In all the AES scans used in the 
current study, argon ions at 3 KeV were used to sputter (remove) the surface material 
successively. The measurement was found to be repeatable on different platinum alu­
minide BC grain interiors. Prom Fig. 3.13, significant signal attributed to Ni and F t 
can be observed at a depth greater than about 2 nm. At the same time, the oxygen 
decreases with sputter depth, corresponding to the removal of the oxide. The error in 
the measurement is less than about ±2.5 nm, corresponding to the inelastic mean free 
path of Auger electrons before escaping a surface. Clearly, the oxide thickness for the 
platinum aluminide BC is less than 5 nm, comparable to tha t over the nickel aluminide 
BC.
Figure 3.14 shows an SEM micrograph (with backscatter electrons) of the the cross 
section of the rumpled sample in Fig. 3.11, revealing features quite similar to tha t for the 
nickel aluminide BC (Fig. 3.5). Large bright regions indicated by “r” can also be seen 
where aluminum was depleted (about 7 wt% Al) when compared with the BC matrix 
(about 15 wt% Al). The overall loss of Al in the BC in absence of TGO can again be 
attributed to its diffusion to the superalloy at high temperatures (Tolpygo and Clarke, 
2000). Unlike the nickel aluminide BC, the platinum aluminide BC grain boundaries 
were not revealed in the cross section even with the contrast of the backscatter elec­
trons. Alumina inclusions (denoted by “q”) are seen as the dark regions in the higher
43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
magnification micrograph of Fig. 3.14. These alumina inclusions were present before the 
isothermal exposure, as shown in Fig. 3.2a. An isolated void can be seen in the BC cross 
section, as shown by the black arrow in Fig. 3.14. The IDZ of the BC has developed 
precipitates (denoted by “s”) rich in W, Mo, and Ta. These precipitates, similar to the 
nickel aluminide BC (Fig. 3.5), have undergone considerable coarsening and agglomera­
tion upon high-temperature exposure. The BC has also shown an increase in thickness 
when compared with the as-deposited condition (Fig. 3.2a). The increase in the BC 
thickness and the coarsening of the refractory-rich precipitates upon high-temperature 
exposure for the two BCs (Figs. 3.5 and 3.14) has been observed during BC thermal 
cycling and isothermal exposure in air in the present investigation (Chapter 2 ) and in 
the literature (Holmes and McClintock, 1990; Busso and McClintock, 1993; Tolpygo and 
Clarke, 2000). Such a phenomenon is attributed to the diffusion of Ni from the superalloy 
to the BC at high temperature and the subsequent decrease of the solubility of refractory 
elements of the superalloy below the BC-substrate interface, as mentioned in Chapter 2 
(Holmes and McClintock, 1990; Busso and McClintock, 1993).
In several observations of BC surfaces exposed to high temperatures (1150°C, 1175°C 
and 1 2 0 0 °C), clear rumpling could not be seen since the platinum aluminide BCs formed a 
non-uniform oxide layer over the surface. The platinum aluminide BC surface developed 
isolated oxide sites and undulations with a periodicity of about 2 0  pm, smaller than that 
without any oxide formation as shown in Fig. 3.15. The faceting of the BC surface seen in 
Fig. 3.15b is similar to tha t observed in Fig. 3.12. Note that in ambient air, a continuous 
oxide layer is formed over the platinum aluminide BC at high temperatures (Fig. 2.5).
At lower temperatures of testing, the platinum aluminide BC surface did not show 
rumpling in vacuum, but developed a uniform oxide layer, with a thickness varying with 
each BC grain. These BC surfaces were polished successively down to 1 pm diamond 
paste. The oxidation was evident from coloring of the grains under an optical microscope, 
a phenomenon similar to “thermal etching” (Moore, 1963; Flytzani-Stephanopoulos and 
Schmidt, 1979). Figure 3.16 shows SEM micrographs and AES scans of the platinum 
aluminide BC surface at different magnifications after an isothermal exposure of 50 hr
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in vacuum at 1100°C. The AES scans in Fig. 3.16(e, f) correspond to the atomic con­
centration as a function of depth for point “1” and point “2” , respectively, in Fig. 3.16a. 
Similar to  Fig. 3.13, the thickness of the oxide layer at the points “1” and “2” can be 
estimated from Fig. 3.16(e, f) to be about 250 nm and 200 nm, respectively. A similar 
oxide layer was formed on the BC surface at 800°C in vacuum after 100 hr as shown in 
Fig. 3.17. In Fig. 3.17b, a “step” demarcating adjacent grains and a grain boundary are 
clearly revealed due to a trench made using a focussed ion beam (FIB). Auger electron 
spectra a t two grain locations of the surface in Fig. 3.17 are shown in Fig. 3.18. The 
thicknesses of the oxide layer are about 70 nm and 75 nm for Fig. 3.18(a, b), respectively. 
It is not clear at present as to why the AES detected a small atomic concentration of 
Si for the top 50 nm of the oxide layer for this sample (Fig. 3.18). Note tha t a surface 
topography similar to that shown in Figs. 3.17(a-c) was seen for a sample heated for an 
additional 2 0 0  hr at 800°C in vacuum.
Table 3.1 summarizes the rumpling results presented in Sections 3.2.2 and 3.2.3.
3»3 D iscussion
The rumpling results in the current study have shed light on clarifying the driving 
force for rumpling and identifying possible rumpling mechanisms. We have shown that 
mass transport leading to micron-scale deformations manifested in the form of rumpling 
can occur in BC-superalloy systems in the absence of a significant oxide layer. Also, the 
rumpling is shown to occur under isothermal conditions, depending upon the tempera­
ture of testing. In the present section, we discuss the possible rumpling driving forces 
and the kinetics of rumpling. We also discuss the results for the experiments at lower 
temperatures.
3.3.1 D riv in g  F orce
The prevailing view of many researchers states tha t the thin TGO under highly com­
pressive stress provides the driving force for BC surface rumpling (Balint and Hutchinson,
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Table 3.1 Summary of rumpling resu ts in vacuum
Testing
condition
Initial surface Nickel aluminide BC Platinum aluminide BC
1200°C 
25 hr
Polished
Surface rumpled 
with little or no 
correlation with BC 
grain structure
Surface rumpled 
with fluctuations 
correlated with 
BC grain structure
1200°C 
25 hr
As
deposited
Surface rumpled 
with httle or no 
correlation with BC 
grain structure
No observations 
due to non-uniform 
oxide formation
1175°C 
50 hr
Partially
polished
Surface rumpled 
with some 
correlation to BC 
grain structure
-  Same as above -
1150°C 
25 hr
Pofished
Surface fluctuations 
correlated with 
BC grain structure
-  Same as above -
2003; He et al., 2000; Karlsson and Evans, 2001; Suo, 1995) since such a thin layer has 
a tendency to buckle. In the present study, we demonstrate tha t rumpling occurred 
in BC-superalloy systems even when the oxide layer over the BC was nonexistent or of 
insignificant thickness (e.g. Fig. 3.3 and Fig. 3.11). Clearly, oxide should not be the cause 
of the BC rumpling. The above discussion leaves the possibility of the concentration gra­
dients in the BC (Tolpygo and Clarke, 2000), or the stresses in the BC (Chapter 2; see 
also Panat et al. (2003b)) as the possible driving force for rumpling. Figure 3.5 shows 
that the periodicity of the refractory-rich precipitates (indicated by “p” ) does not match 
that of the rumples, neither do the aluminum depleted zones tha t are irregularly placed 
as shown in Fig. 3.5 (denoted by “n”). Similarly, the aluminum depleted zones and the 
refractory-rich regions of the platinum aluminide BC cross section (Fig. 3.14) do not show 
a periodicity corresponding to the platinum aluminide surface undulations (Fig. 3.11). 
Furthermore, we did not observe any void formation in the nickel aluminide BCs upon
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isotliermal exposure. Isolated voids formed in the platinum aluminide BC did not corre­
spond with the rumples. It is clear that the material conceiitration changes in the BC 
cross section show a poor correlation with the BC rumples. A similar conclusion was 
drawn about the role of the microstructure in inducing BC surface instabilities for the 
platinum aluminide BC-superalloy system both in the presence (Mumm et al., 2001) and 
in the absence (Section 2.3.2) of the ceramic topcoat in air.
From the above discussion, we can conclude that the stresses in the BC alone are capa­
ble of inducing BC rumpling in nickel aluminide and platinum aluminide BC-superalloy 
systems under current testing conditions. The origin of the BC stresses are believed 
to be the thermal mismatch between the BC material and the substrate, and possibly 
phase transformation (Panat et al., 2003b; Karlsson and Evans, 2001; Haynes et ah, 2004; 
Watanabe et al., 2002; Chen et al., 2003a,b). Therefore, the magnitude of this driving 
force depends on how far the testing temperature is from the BC deposition temperature 
(Panat and Hsia, 2004; Panat et al., 2003a). Under different testing conditions, e.g., in 
air, the formation of TGO may potentially influence the rumpling behavior. However, 
the present study shows that the characteristic wavelength and the amplitude of rumpled 
BC surfaces tested in vacuum are comparable with those tested in air (Chapter 2; see 
also Tolpygo and Clarke (2000); Deb et al. (1987)), indicating a limited role by TGO 
under isothermal heating.
The BC stress values in the current experiments can be estimated using the thermal 
expansion coefficient (CTE) of the BCs and the Rene N5 superalloy (Watanabe et al., 
2002; Karlsson and Evans, 2001; Pan et a l ,  2003; Chen et al., 2003a); and also from 
the BC yield behavior (Pan et al., 2003; Haynes et al., 2004) at high temperatures. The 
difference between the CTE of the platinum aluminide BC and the Rene N5 superalloy 
is reported to be about +1.5 x 10^ ® °C"^, with the positive sign indicating tha t the 
BC expansion exceeds tha t for the substrate (Watanabe et al., 2002). The CTE of the 
platinum aluminide BC is about 15.5 x 10~® °C^^, a value measured from 400 to  800°C, 
and found to remain constant (Chen et al., 2003a). Thus, the CTE of the Rene N5 
superalloy is about 14 x 10“® °C“ .^ Note tha t in various TBG simulation studies in the
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literature, tlie CTE of the superalloy is taken to be 14 x 10“® independent of the 
temperature (Karlsson and Evans, 2001; Chen et al., 2003a). To the author’s knowledge, 
the temperature dependence of the CTE of Rene N5 superailoy has not been measured. 
The CTE of an NiAl alloy (60 at% Ni and 40 at% Al) at 1200°C is reported to  be about 
16 X 10 ® °C The above discussion suggests that both the types of BCs are under a 
compressive residual stress above their processing temperature, Tp, and vice versa. For 
an elastic thin-film on a substrate (e.g. BC on the superalloy), the equi-biaxial in-plane 
thermal mismatch stress is given by
_  Efiim A a (T — T),) (o o \
^ e la s tic  — / i  \ 5 [o .o)( 1 - 2/)
where Emm is the elastic modulus of the film, A a  is the numerical difference between 
the CTE of the film and the substrate, u is the Poisson’s ratio of the film, and T  is the 
temperature. Note that while writing Eq. (3.3), we take A a  positive if the film CTE 
exceeds tha t for the substrate and CTeiastic positive if compressive. For an elastic modulus 
of the order of 100 GPa, a Poisson’s ratio of about 0.3, and A a of about 2 x 10“® °C“ ,^ 
the estimate of CTeiastic is 0.3(T — Tp) MPa for the nickel aluminide BC. Similarly, the 
estimated CTeiastic for the platinum aluminide BC is 0.23(T — Tp) MPa. From the above 
discussion and the Tp values of the two BC materials, CTeiastic for the nickel aluminide BC 
and the platinum aluminide BC at 1200°C is about 36 MPa and 46 MPa, respectively. 
At high temperatures, however, the yield behavior of the BCs would determine the BC 
stress. The yield stress of the platinum aluminide BC is about 25 MPa, when measured 
in tension at 970 and 1150°C (Chen et al., 2003a). The yield stress of NiAl is comparable 
with that of the platinum aluminide BC (Chen et ah, 2003a). We thus estimate that 
close to 1200°C, the stress in both types of BCs used in the present study is a few 
tens of megapascals (ss 20-30 MPa) and compressive. In the next chapter we develop a 
continuum model tha t uses this stress estimate in predicting the BC rumpling behavior.
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3.3 .2  G o v e rn in g  K in e tic s
The fact that rumpling can occur under isothermal conditions indicates tha t cyclic 
plasticity, i.e., ratcheting of the BC (He et al., 2000) is not necessarily the dominant 
mechanism for rumpling. Although the exact role of the BC ratcheting on BC rumpling 
under other testing conditions is not known, it is likely to play a secondary role during 
rumpling even under thermal cycling (Section 2.3). Further, the material concentration 
changes in the BC cross section have a poor correlation with the rumples, indicating 
tha t concentration-driven BC diffusion (Tolpygo and Clarke, 2000) would not govern 
the kinetics of the rumpling seen in the current study. The recently suggested creep 
mechanism by Balint and Hutchinson (2003) is a plausible mass-transport mechanism for 
BC surface rumpling. The small-scale faceting seen in Fig. 3.6 seems to lend support to 
such a dislocation creep mechanism during BC rumpling. However, this faceting changed 
with each BC grain and the BC grains themselves did not show any correlation with the 
rumples, as seen in Fig. 3.3. Moreover, we note that the deformation-mechanism maps 
(Ashby, 1972) predict that at low stress levels (see Section 3.3.1) and high temperatures, 
the deformation of a material is primarily due to diffusional creep. We note, however, that 
the deformation-mechanism maps of the BC materials have not been developed. Lastly, 
the model by Balint and Hutchinson (2003) requires the presence of stressed TGO layer 
to provide the driving force—a layer absent (or minimal) in the experiments in vacuum. 
Nevertheless, BC stress-induced creep deformation may potentially give rise to a rumpled 
surface.
Other kinetic processes governing BC rumpling include such diffusive mechanisms as 
surface diffusion, volume diffusion, grain-boundary diffusion, and differential evapora­
tion. We observed metal deposition on the cooler regions of the quartz tube (Fig. 3.1) 
after several experiments, indicating the likelihood of evaporation from the BC surfaces. 
Further, the extensive facets seen on the BC surfaces (Figs. 3.6, 3.7, 3.12) indicate sur­
face evaporation (Moore, 1963; Flytzani-Stephanopoulos and Schmidt, 1979; Shore and 
Bukman, 1995). It is thus worthwhile to identify the effect of differential evaporation
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over the BC surface on the rumpling process. The evaporation over a curved stressed 
surface changes with location due to the difference in the vapor pressure at the peaks 
and valleys of surface perturbations. The vapor pressure p over a curved stressed surface 
is given by (Mullins, 1963),
where po is the vapor pressure on a flat unstressed surface, x  is the surface chemical 
potential, k is the Boltzmann constant, and T  is the absolute temperature. The chemical 
potential, y, is given by {U — k'j )0. (Asaro and Tiller, 1972), where U is the strain 
energy density on the BC surface, k is the BC surface curvature, 7  is the BC surface 
energy, and Q, is the BC atomic volume. For stress levels in the BCs (about 20-30 MPa, 
see Section 3.3.1), an amplitude of about 2.5 pm, and a wavelength as high as 100 pm 
(Fig. 3.3), the difference in the vapor pressure between the peaks and the valleys of the BC 
surface is insignificant (less than 0.01%). The vapor pressure of the nickel aluminide BC 
surface can be estimated to be about 3 x 10“® torr at 1473°K (Hilpert et al., 1996). Thus, 
although evaporation might have occurred over the BC surfaces, it does not contribute 
to the observed rumpling behavior in Figs. 3.3 and 3.12. In case of ordered alloys, such 
as the present BC materials, a dissociation and segregation of the Ni and Al along the 
BC surface would alter the surface stress, and lead to a precipitous rise in the BC vapor 
pressure. Such a phenomenon would give rise to gradients in the concentration of Ni or 
Al normal to the BC surface. These gradients can be detected by RES of the BC surface. 
The RBS scan of the BC surface (Fig. 3.3) is shown in Fig. 3.19. No gradients in Ni and 
Al normal to the BC surface can be detected. The RBS measurement in Fig. 3.19 was 
found to be repeatable for four rumpled samples. The RBS spectrum was collected with 
2 MeV He+ incident ions (produced by a Van de Graaff accelerator). We believe that 
the additional W seen in Fig. 3.19 results from interdiffusion between the BC and the 
superaUoy.
We note that the surface-diffusion model proposed by Panat et al. (2003b) can explain 
several experimental results of the nickel aluminide BC rumpling in the current study.
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Figures 3.3 and 3.8 show that the rumpling phenomenon is relatively insensitive to the 
initial surface fluctuations, as predicted by the model (Panat et al., 2003b). Further, this 
model predicts that the rumpling under isothermal conditions in the absence of any oxide 
layer can occur, as observed in the current study. It is noted, however, tha t the model by 
Panat et al. (2003b) takes into account only the surface diffusion mechanism, and does 
not take into account such other diffusion mechanisms as volume diffusion through the 
BC bulk and grain-boundary diffusion (Mullins, 1963; Shewmon, 1989; Thouless, 1993). 
In the next chapter, we present a model (Panat et a l ,  2004) that takes into account all 
the significant diffusive processes in the BCs to predict the rumpling behavior. In this 
model—following the above discussion—we freeze kinetic processes such as dislocation 
creep during BC rumpling. This assumption is justified only under certain conditions. 
For example, for stresses higher than those estimated for the BCs in the present study 
(Section 3.3.1), dislocation motion may contribute to rumpling. To understand the BC 
behavior at all the stress and temperature values, we need to undertake a study that 
includes all the kinetic processes.
The fact that the rumpling is correlated with the grain structures in platinum alu­
minide BC points to the possibility that grain boundaries are an additional diffusion path 
during rumpling. The difference in the dominant paths of diffusion in the case of the 
nickel aluminide and the platinum aluminide BCs is not currently known. We speculate 
a competition between grain-boundary diffusion and the BC volume diffusion, depend­
ing upon the testing temperature (Shewmon, 1989). This competition arises due to the 
lower activation energy of grain-boundary diffusion compared with th a t of the volume 
diffusion. At moderate temperatures, grain-boundary diffusion forms the high-diffusivity 
path. But as the temperature increases, volume diffusion becomes dominating over grain- 
boundary diffusion. Thus, a combination of BC volume diffusion and surface diffusion 
would decide the rumpling process at higher temperatures, while at lower temperatures, 
grain-boundary diffusion should be observed. Qualitatively, we see tha t at 1200°C, the 
BC surface undulations are not related to the grain structure (Fig. 3.3). But at 1175°C 
and at 1150°C an increased correlation between the two is seen (Figs. 3.9(b, d)). Unfortu-
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iiately, grain-boundary diffusivity has not been measured in the BC-superalloy systems. 
We also do not have quantitative information on the BC surface diffusion. To identify 
the dominant mechanism(s) fully, a study aimed at measuring various diffusion constants 
in the BC-superalloy systems at different temperatures needs to be carried out.
The processes leading to the rumpling in the case of platinum aluminide BC shown in 
Fig. 3.11 could be a combination of surface and grain-boundary diffusion. Such a process 
has been modelled by Thouless (1993) for an array of grains under a remote stress. His 
analysis shows tha t a combination of grain-boundary diffusion and surface diffusion would 
give rise to  surface morphologies similar to those seen in Figs. 3.11 and 3.12. Again, for 
any comparison, the diffusivity of platinum aluminide BC along various diffusion paths 
needs to be measured at various temperatures.
3 .3.3 L ow -Tem perature R e su lts
The results presented in this chapter for temperatures below about 1100°C, although 
not directly related to rumpling, shed light on the oxidation behavior of the BC materials. 
It is clear that under identical conditions, both BC surfaces show a tendency to form 
an oxide layer at low temperatures rather than at the highest temperatures used in the 
current study. One possibihty is tha t at high temperatures, evaporation from the BC 
surfaces prevents the formation of the oxide layer. Further research is needed to clarify 
fully the oxidation behavior of the BCs at low temperatures and low pressures. It is clear, 
however, that rumpling does not occur in BC-superalloy systems at low temperatures 
(Figs. 3.10, 3.16, and 3.17). The thermal mismatch stress in the BC is expected to be 
low near the processing temperature. Also, BCs are under a tensile residual stress below 
the temperatures at which they are deposited (about 10G0°C for the platinum aluminide 
BC, and about 1080°C for nickel aluminide BC). As shown by our BC rumpling model in 
Chapter 4, BCs do not show rumpling behavior under a low tensile stress, consistent with 
the present observations. At the same time, this model also predicts tha t the volume 
and surface diffusivity of the BC atoms may also be insufficient to cause any observable 
rumpling at low temperatures.
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3,4 C onclusions
In the present chapter, isothermal experiments are carried out on nickel aluminide and 
platinum aluminide BC-superalloy systems in vacuum. The results show tha t rumpling 
can occur under isothermal conditions in the absence of a significant oxide layer. The 
material concentration gradients in the BC cross section did not show a strong correlation 
with the rumples. For nickel aluminide BC, the grain structure did not influence the 
rumphng behavior at high testing temperatmres. As the isothermal exposure temperature 
decreased, the BC grain boundaries increasingly influenced the rumpling behavior. For 
platinum aluminide BC, the rumples were correlated with the BC grains at the highest 
temperature of testing. Rumpling wavelength and amplitude were relatively insensitive to 
initial BC surface fluctuations in both material systems. Further, significant initial flaws 
are not needed for rumpling to occur. It is concluded that in the absence of a significant 
oxide layer, the driving force for rumpling formation is likely to be the thermal mismatch 
stress in the BC. Possible kinetics that governs the rumpling process in the present study 
includes a combination of such diffusive processes as surface, bulk and grain-boundary 
diffusion. These findings have strong imphcations for TBC reliability studies, since the 
diffusive processes in the BC driven by the BC stresses can potentially play a significant 
role in TBC failure.
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3.5 F ig u res
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From Ar 
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F igu re  3.1 Schematic of the top view of the apparatus used to perform isothermal 
experiments on BC-superalloy specimens in vacuum environment.
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F igure  3.2 Platinum aluminide BC in as-received condition, (a) Cross-sectional SEM 
micrograph (with backscatter electrons) showing an outer zone, ‘1 ’ and an interdiffusion 
zone, ‘2’. Black arrows show alumina inclusions seen at irregular intervals between the two 
regions, (b) Top view of the platinum aluminide BC. Ridges along the grain boundaries 
are clearly visible, (c) A profilometer scan corresponding to (b).
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F igu re  3.3 Nickel aluminide BC after 25 hr isothermal exposure at 1200°C in vacuum, 
(a) SEM micrograph showing BC surface rumpling; (b) corresponding profilometer scan. 
The micrograph is taken at a tilt of 30° to the BC top surface, (c) Top view of the 
same surface showing grains and rumpling. The BC grains have little correlation with 
the rumple formation.
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F igu re  3.4 A spectrum of the BC surface obtained using X-ray photoelectron spec­
troscopy showing Al 2 p peak envelope. The fitted curves for the individual peaks give 
the areas under the Al 2p peaks representing Al metal and aluminum oxide. The relative 
areas under the peaks representing Al metal and aluminum oxide can be used to estimate 
the aluminum oxide layer thickness. An additional peak due to Ni 3p is also seen.
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F igu re  3.5 A representative SEM micrograph (with backscatter electrons) of the nickel aluminide BC cross section showing 
the microstructure after 25 hr isothermal exposure at 1200°C. The grain boundaries can be seen as brighter regions in the 
cross section, as indicated in the micrograph with higher magnification. Large bright regions indicated by “n” are seen to 
have developed along the grain boundaries. Alumina inclusions denoted by “m” are seen as the dark regions at the boundary 
of the outer and the inner region of the BC. These alumina inclusions were present before the isothermal exposure (Fig. 2.3a). 
Regions “p” represent precipitates rich in W, Mo, and Ta, also present before thermal cycling (Fig. 2.3a).
F igure  3.6 Scanning electron micrograplis showing faceting of the grain boundaries and 
grain surfaces of nickel aluminide BC surface after 25 hr isothermal exposure at 1200°C 
in vacuum.
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■
F igure  3.7 Scanning electron micrographs showing faceting within a grain of nickel 
aluminide BC at different magnifications after 25 hr isothermal exposure at 1200°C in 
vacuum.
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Figure 3.8 Scanning electron micrograpli and the corresponding profilometer scan of the 
initial surface of a nickel aluminide BC (a, b), and that after 25 hr isothermal exposure 
at 1200°C in vacuum (c, d). The micrographs are taken at a tilt of 30° to the BC top 
surface.
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F igure  3.9 Scanning electron micrographs showing the nickel aluminide BC (a) after 50 
hr exposure at 1175°C in vacuum, and (b) after 25 hr exposure to 1150°C in vacuum. 
The micrographs are taken at a tilt of (a) 30° and (b) 42° to the BC top surface.
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(a) (b)
F ig u re  3 .1 0  Scanning electron micrographs showing nickel aluminide BC after (a) 50 hr exposure at 1100°C and (b) 100 
hr isothermal exposure at 800°C in vacuum.
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F igure  3.11 Platinum aluminide BC (a) profilometer scan before thermal treatment, (b)
SEM micrograph after 25 hr exposure at 1200°C in vacuum, and (c) The profilometer 
scan of the surface shown in (b). The high magnification inset in (b) is taken a t a tilt of 
30° to the BC top surface.
64
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
iii—
300 tun ^
F igu re  3.12 High magnification SEM micrographs of the rumpled platinum aluminide 
BC shown in Fig. 3.11b. Extensive facets developed over the grain surface and a 
“depressed” grain boundary (also showing facets) can be seen.
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F igure  3.13 Auger electron spectrum of the platinum aluminide BC surface shown in 
Fig. 3.11b as a function of sputter depth.
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F ig u re  3.14 A representative SEM micrograph (with backscatter electrons) of the platinum aluminide BC cross section 
showing the microstructure after 25 hr isothermal exposure at 1200°C. Large bright regions (denoted by “r”) and alumina 
inclusions (denoted by “q”) are seen to have developed at the boundary between the outer and the inner regions. The 
alumina inclusions were present before the isothermal exposure (Fig. 3.2a). An isolated void is shown by a black arrow. 
Regions “s” represent precipitates rich in W, Mo, and Ta tha t were also present before thermal cycling (Fig. 3.2a).
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F igu re  3.15 Scanning electron micrographs of the platinum aluminide BC surface at different magnifications showing 
isolated oxide sites formed on the surface (a, b). Extensive faceting on the surface can be seen (b) with a periodicity 
comparable with that in Fig. 3.12.
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F igu re  3.16 Platinum aluminide BC after an isothermal exposure of 50 hr in vacuum at 1100° C. (a-c) Scanning electron 
micrographs of the surface at different magnifications, (e, f) Auger electron spectrum of point “1” and point “2” , respectively, 
in (a). The thicknesses of the oxide layer at the points “1” and “2” are about 250 nm and 200 nm, respectively. The 
micrographs in (b, c) are taken at a tilt of 30° to the BC top surface.
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w' in vacuum at 800°C. (a) Top view, and (b) a trench made using a focussed ion beam to reveal the topography associated
5' with the grains and the grain boundary.
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F igu re  3.18 Auger electron spectrum of two different locations on the platinum alu­
minide BC surface after an isothermal exposure of 100 hr at 800°C in vacuum (Fig. 3.17). 
The oxide layer thickness is about 70 nm and 75 nm for (a) and (b), respectively.
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7000
6000 -
5000 ^
4000 -
Cr
o  3000 -
X
2000 -
1000 - w
8000 200 400 600
Channel
Figure  3.19 Rutherford backscattering spectrum of the nickel aluminide BC surface 
shown in Fig. 3.3.
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C H A P T E R  4
C O N T IN U U M  M O D E L
The experimental results presented in Chapters 2 and 3 point to  the stress in the BC 
as the driving force for rumpling. As discussed in Section 3.3, the kinetics of the rumpling 
process is likely to be governed by diffusive processes in the BC. Accordingly, we make 
the assumption that the driving force for BC rumpling is the in-plane stress in the BC. 
Also, we assume that the kinetics of deformation during BC rumpling is governed by 
surface and volume diffusion. The problem formulation thus has some similarity with 
the models developed to describe the waviness formation on stressed thin-film surfaces 
(Asaro and Tiller, 1972; Freund, 1995). In all previous work, the kinetics of surface 
waviness formation was assumed to be governed by surface diffusion alone (e.g. Asaro 
and Tiller, 1972; Freund, 1995). In fact, in our earlier attempts to explain the rumpling 
phenomenon (Panat et ah, 2003b), we applied the surface waviness formation models 
(Asaro and Tiller, 1972; Freund, 1995) to the BC rumpling problem. Thus we (Panat 
et ah, 2003b) ignored the volume diffusion in the BC deformation kinetics. As shown in 
the present chapter, volume diffusion cannot be ignored for the conditions under which 
BC rumpling occurs. The present chapter describes the BC rumpling model we developed 
that takes into account volume diffusion in the BC in addition to surface diffusion. The 
present model quantifies the effect of volume diffusion on the stressed surface stability 
along with the conditions under which it is important. We start with a brief literature 
review of the stressed thin-film surface stability, followed by the analysis and results. The 
model results are then compared with the rumpling results presented in Chapters 2  and 3.
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4.1 P re v io u s  Work
The stability of a solid surface under stress was first addressed by Tiller and co- 
workers (Asaro and Tiller, 1972; Vasudev et al., 1975) while analyzing the role of surface 
diffusion and surface dissolution-condensa-tion through an adjoining liquid in stress cor­
rosion cracking. The chemical potential gradient driving the mass transport processes 
was assumed to be arising from the stress variation along the surface and the surface 
curvature. In their analysis, however, volume diffusion by a vacancy mechanism was 
neglected since it was believed to be slow at temperatures typically encountered for 
stress-corrosion cracking. A similar stability analysis was done independently by Grin- 
feld (1993) and Srolovitz (1989). The problem of a stressed solid surface (or solid-vapor 
interface) becoming unstable at high temperatures was later observed during thin film 
growth and annealing (LeGoues et al., 1990; Jesson et al., 1993; Ozkan et ah, 1997; Gao 
and Nix, 1999). Such instabilities were analyzed based on the surface diffusion mechanism 
driven by gradients in surface chemical potential (Bruinsma and Zangwill, 1987; Spencer 
et al., 1991; Gao, 1994; Freund and Jonsdottir, 1993; Freund, 1995; Colin et al., 1998), 
an approach similar to that of Tiller and co-workers (Asaro and Tiller, 1972; Vasudev 
et al., 1975), and Grinfeld (1993) and Srolovitz (1989).
Kinetic processes other than surface diffusion may affect the evolution of stressed 
films. One possibility at high temperatures is the diffusion of atoms through the bulk. 
The chemical potential gradient driving this volume diffusion would arise due to  capillar­
ity (Mullins, 1963) and stress variations in the bulk produced by the sinusoidal surface 
morphology. Note that for unstressed solid surfaces, capillarity-induced volume fluxes, 
along with surface diffusion, has been used to predict the decay of surface corrugations 
by Blakely and coworkers (Blakely and Mykura, 1962; Maiya and Blakely, 1965, 1967; 
Olson et al., 1972; Keefee et al., 1994) and others (Gjostein and Bonzel, 1968; Liau and 
Zeiger, 1990). Recently, McCarthy et al. (2001) have demonstrated that the smoothing 
of NiAl surfaces is controlled by the exchange of bulk vacancies with the surface, occur­
ring only near the surface atomic step edges. The relative importance of volume fluxes
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varies with such conditions as levels of operating temperature and stress. We present 
a simple analysis of the evolution of stressed sinusoidal surfaces of small amplitude in 
this chapter by taking into account (i) surface diffusion driven by gradients in chemical 
potential along the solid surface, (ii) volume diffusion driven by stress variation along 
the sinusoidal surface, and (iii) volume diffusion driven by capillarity.
4.2 A nalysis
Consider a sinusoidal surface of a film over a substrate (e.g. BC over a superalloy 
substrate), as shown in Fig. 4.1. The system is assumed infinitely thick in the z direction, 
so that a plane strain condition exists throughout. The perturbation on the film surface 
is assumed to take the form
h{x,t) — a{t)cos{ojx), (4.1)
where a is the perturbation amplitude and a; =  2vr/A is the frequency, with A being 
the perturbation wavelength. An arbitrary film surface profile can be represented by a 
Fourier series of such sinusoidal perturbations. The perturbation amplitude of the film 
surface is assumed to be small compared with its thickness, so that the film can be taken 
to be infinitely thick while computing the fluxes near the free surface. The slope of the 
film surface is also assumed to be small, implying dh{x , t) /dx  << 1 and d /d S  ss d/dx ,  
where S  is the curvilinear coordinate along the film surface. Furthermore, the flux at the 
interface between the film and substrate is assumed to be negligible. We assume tha t the 
film surface energy per unit area, 7 , is isotropic and constant with temperature (e.g., for 
Ni, the surface energy is almost independent of temperature (Maiya and Blakely, 1967)).
A remote stress Uoo is applied to the film parallel to the x  axis. This stress can 
arise as a result of differential expansion (or contraction) of the film with the substrate 
due to thermal expansion mismatch, phase transformations, or defects during deposition 
(Thouless, 1995; Chen et al., 2003b; Zhang et al., 2003). We denote positive if com­
pressive. The stress along the solid surface is altered compared with the bulk of the film 
as a result of the surface perturbation and is given as (Asaro and Tiller, 1972; Vasudev
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et al., 1975; Gao, 1991a,b)
o'x{x,y =  0) =  —cTqo +  2<7oo«wcos(a;a;). (4,2)
The second term on the RHS of Eq. (4.2) represents the change in the stress a t the solid 
surface due to the sinusoidal surface geometry. As stated in Section 3.3.2, the chemical 
potential, %, along the surface of the wavy solid is (Asaro and Tiller, 1972; Freund, 1995)
X = {U -  k j )Q, (4.3)
where k is the film surface curvature, fi is the atomic volume, and U is the elastic strain 
energy per unit volume on the film surface.
The strain energy density at the surface, U, is given by
U(x,t) = [1 — 4 a a; cos (tua:)] , (4.4)
4G
where G is the shear modulus. In writing Eq. (4.4), the higher-order terms of aca are 
neglected as a result of the small-slope assumption. If the film in Fig. 4.1 was not 
attached to the substrate and was free to move, the wavelength. A, would be a function 
of time. For a film attached to the substrate, however, it is reasonable to assume that 
planes remain as planes in the film during surface evolution (Thouless, 1993). In such a 
case, h{x,t) = a{t)cos{ujx), i.e., the fluctuation amplitude alone varies with time. The 
chemical potential change along the surface drives atom diffusion, giving rise to a flux 
along the surface (Fig. 4.2; see also Asaro and Tiller (1972), and Shewmon (1989));
Js =
D s C g d x  D g C s f l s m { ( j j x ) (1 -  2 3 ——”  auj — ^auj
G (4.5)kT  dx kT
where Dg is the surface self-diffusivity, Cg is the number of diffusing atoms per unit 
surface area, k  is Boltzman’s constant, and T  is the absolute temperature. The product 
DgCg shows an Arrhenius-type behavior and can be replaced by DgoCgo exp{-qg/kT),  
with Qs being the activation energy of surface self-diffusion. The flux Jg has units of 
number of atoms passing a point on the BC surface per unit time per unit dimension in 
the 2  direction (Fig. 4.1). If the diffusion is occurring at a metal-oxide interface, Cgofl is
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replaced by S, the effective thickness through which the interfacial diffusion occurs,
is replaced by D i ,  the interface self diffusivity of the metal atoms, and 7  is replaced by
7 i, the sum of interfacial and the oxide surface energies.
A gradient in the vacancy concentration arises at right angles to the surface due to 
surface curvature (Mullins, 1959, 1963). The fraction of concentration of vacancies in the 
solid is then given by (Mullins, 1963)
C(x,y) =  a -  (4.6)
where Cy is equilibrium fraction of vacancies in the solid with a flat surface. While 
writing Eq. (4.6), it is assumed tha t the vacancy volume is same as the atomic volume 
(Mullins, 1963; Blakely and Mykura, 1962). The concentration gradient in the vacancies 
will result in a vacancy flux at the film surface (Fig. 4.2);
-au cos{uJx), (4.7)j _  n d[C{x, y) / n]J y l    J-^V~
DyCy'J 3
.= 0 kTdy
where Dy is the vacancy self-diffusivity. Note that for most metals, the product DyCy is 
equal to the volume self-diffusivity of the solid, Di.  We replace DyCy by Di  in the current 
analysis. While writing Eq. (4.7), we approximate the gradient of vacancy concentration 
normal to the surface as d[C{x, y)/D]ldy,  and compute it at y =  0 due to  the small-slope 
assumption (Mullins, 1963). Equation (4.7) implies that there is a net flux of the solid 
atoms from crests to the troughs (Fig. 4.2) as a result of a net flux of vacancies from 
troughs to crests. Thus, the vacancy flux given by Eq. (4.7) tends to “flatten” the surface 
profile.
A volume diffusive flux can also be driven by a variation of stress along the surface 
(see Eq. (4.2)). The stress at the crests is relaxed, while it is amplified at the troughs. 
The atoms on the troughs have a higher chemical potential compared with that on 
the crests. This process is analogous to diffusional creep of grains in a polycrystalline 
material (Shewmon, 1989), with grain size being replaced by the fluctuation wavelength. 
To compute the chemical potential gradient, we need the decay of stress Ux near the 
surface. A closed-form solution (Asaro and Tiller, 1972; Vasudev et al., 1975) is
ax{x,y)  =  —(Too — aaoo{—uj‘^ y  — 2o;)e“^cos(a;x). (4.8)
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Tlie gradient of a- along tlie y axis will give rise to the volume fluxes shown in Fig. 4.2. 
We compsite the diffusive flux from the chemical potential gradient due to the variation 
of y )  normal to the surface, a process similar to diffusional creep (Shewmon, 1989), 
as
J,
A  d[-a^{x,y)Q] _  3A  2
= ■ Vm  ---- ,.0 “ m
Note tha t the crests will experience a flux of atoms along the positive y axis under com­
pressive stress and vice versa. This flux will tend to  roughen the surface for compressive 
remote stress.
All mass-transport processes mentioned above are assumed to take place in the region 
close to the surface and hence the volume flux at the surface can be used to compute the 
velocity of the surface, as shown in Fig. 4.3. Conservation of mass at a surface element 
(Fig. 4.3) gives the normal velocity
A  =  -  - 0 ^  +  0  ( - A  +  A ) .  (4.10)
The rate of change of fluctuation amplitude can then be computed from the definition of 
h{x,t), along with Eqs. (4.5), (4.7), and (4.9), as
1 da(t) ^  A oA o^^ g-g.AT 
a{t) dt kT
+  ^ e - ^ ^ / ^ ^ [ 3 a o o A - 7 A ]  (4.11)
Here, Di is replaced by A oSxp(-qijkT),  with qi being the activation energy for volume 
self-diffusion. The first term in Eq. (4.11) tends to roughen the surface, irrespective 
of the sign of remote stress, while the third term roughens the surface only for com­
pressive remote stress. The o;^  (or 1/A^) dependence of the third term  in Eq. (4.11) 
is similar to the 1 /(grain size)^ dependence of the strain rate (Shewmon, 1989) during 
creep of a polycrystalline material. The rate of the amplitude increase per unit ampli­
tude ((l/a)(da/df)) in the present problem is thus analogous to the creep strain rate. 
The second and the fourth terms in Eq. (4.11) represent the tendency of the sinusoidal 
surface to flatten. In the absence of remote stress, we go back to the case described by
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Mullins (1963) where the surface a lways  flattens through diffusion at high temperatures. 
The decay constant during corrugation smoothing (Blakely and Mykura, 1962; Maiya 
and Blakely, 1965, 1967; Olson et ah, 1972; Keefee et ah, 1994; Gjostein and Bonzel, 
1968; Liau and Zeiger, 1990) is now replaced by a ‘decay’ or an ‘amplification’ constant 
depending upon the surface undulation frequency.
By solving Eq. (4.11), we obtain the amplitude change as a function of time for a 
particular sinusoidal surface perturbation of frequency u.  Since the current model is 
based on small slope assumption of the film surface (i.e., a linear stability analysis), the 
evolution of individual surface perturbations can be taken to be linearly independent. 
An arbitrary surface profile at a given time can then be obtained from a Fourier recon­
struction of all the surface perturbations at that time. The terms in Eq. (4.11) that have 
the most influence on the surface evolution at a given u> include Di/{DsCg) and aoo- We 
carry out this analysis in the next section by taking input values for the variables in 
Eq. (4.11) from the literature.
4.3 R esu lts  an d  D iscussion
4.3.1 Iso therm al T e m p e ra tu re  H is to ry
We start by analyzing Eq. (4.11) for constant temperature as applied in the exper­
imental studies described in Chapters 2  and 3. First, a brief literature survey of the 
typical values of the relevant parameters in Eq. (4.11) is presented pertaining to the BC 
materials. The remote stress (cToo) in the films can vary widely. In BCs, this stress is a 
few tens of megapascals at high temperatures (see Section 3.3.1). This stress is expected 
to be different at different temperatures due to  the thermal expansion mismatch between 
the BC and the superalloy substrate (Panat et al., 2003b; Karlsson and Evans, 2001). 
Note that in epitaxial thin-film roughening experiments, this stress is typically in the 
gigapascal range (Gao, 1991a; Freund, 1995; Gao and Nix, 1999).
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Fev/ qi  values for nickel-based bond coat alloys used in thermal bajrier systems and 
related materials have been reported in the literature. For nickel-based superalloys, 
see Campbell et al. (2002). For NiAl, the activation energy for inter diffusion, gi, of 
2.71-3.25 eV/atom  (Fan et al., 2003) has been reported. The qi for Ni is about 2.89 
eV/atom (Porter and Easterling, 1981). For surface diffusion, the reported values 
for Ni vary considerably, from 0.82 eV/ atom (Gjostein and Bonzel, 1968), to 1.54-1.85 
eV/atom (Maiya and Blakely, 1967). This variation is due to surface conditions and 
surface orientation. To the author’s knowledge, for metal film surfaces in thermal 
barrier systems has not been experimentally determined. The ratio Di/{DaCs) can vary 
over a few orders of magnitude depending upon such conditions as crystal orientation, 
temperature, and surface cleanliness. In fact, according to Asaro and Tiller (1972), DgCs 
can vary by as much as a factor of 10® for a given surface at a given temperature. For Cu, 
D i / { D g C s )  has been reported to be 1.3 x 1 0 “^^  at 1273°K (Choi and Shewmon, 1962; 
Porter and Easterling, 1981). An extrapolation gives this value to be about 5 x 1 0 “ ®^ 
at 1473°K. Note tha t for Cu has been measured to be higher than qi. For Ni, this ratio 
has been reported to be about 1.5 x 10“ ®^ m^ at 1273°K and 1.8 x 10“ ^^  at 1473°K 
(Gjostein and Bonzel, 1968; Porter and Easterling, 1981). The value of D i / { D g C g )  is also 
reported to vary for Ni, from 2.5 x 10^ ^® m^ to 10“ '^^  m^ at 1273°K, and 1.3 x 10”^^  
to 3.7 X at 1473“K (Maiya and Blakely, 1967; Porter and Easterling, 1981).
For a-Fe, this ratio is about 10'^^ at all temperatures (Blakely and Mykura, 1963).
The surface energy, 7 , of the film is typically of the order of 1 J/m^. For example, 
the surface energy of (100) Ni surface is about 1.82 ±  0.18 J/m^ (Maiya and Blakely, 
1967), independent of temperature. For faceted surfaces seen in Figs. 3.6, 3.7, and 3.12, 
7  represents the average surface energy. The isothermal (annealing) temperature for 
rumpling experiments in BC-superalloy systems is between 1373 and 1473°K (Chapters 
2 and 3; see also Deb et al. (1987) and Tolpygo and Clarke (2000)). Note that the effect 
of the isothermal temperature on results is incorporated through the ratio D i / { D g C g ) .
To gain an insight on the film surface roughening through combined surface and 
volume diffusion, we find the amplitude change of surface perturbations with time as a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
function of wavelength from Eq. (4.11) for a set of input parameters given below. For G 
=  100 GPa, u  =  1/3, (7oo =  25 MPa, D \ / { D s C a )  =  10“^^  mP, 7  — 1 J/m^, and 0  =  4.28 
X 10“ ®^ (from Blakely and Mykura, 1961, for Ni)^, Eq. (4.11) gives
&{t)\ I ^_3 ^
where P, Q, R, and S  are parameters equal to 4.2 x 1 0 ® N/m®, 3.9 x 1 0 '* N/m^, 5.5 x 
10® N/m^, and 2.9 x 10® N/m^, respectively, for the chosen set of material parameters, 
A =  2iTa'^j{uj'yG) is the dimensionless wavelength, a(t) is the fluctuation amplitude at 
time t, while bo is the initial amplitude.
The normalized amplitude change of the film a(t) /&q as a function of wavelength A 
from Eq. (4.12) is plotted in Fig. 4.4a. The plot reveals different rates of amplitude change 
for perturbations of different wavelengths. For surface undulations with wavelengths less 
than a critical value, Acr (Fig. 4.4a), the amplitude decreases with time. This value is 
about 15 /rm in the present case. It can be seen tha t in this region (A < A^), the logarithm 
of amplitude ratio is negative, i.e., amplitude decreases rapidly as the wavelength of 
waviness decreases. On the other hand, undulations with wavelength greater than A^ 
increase in amplitude at varying relative rates with time. The result also shows tha t the 
maximum amplitude change occurs at a wavelength, A^ax (Fig. 4.4a), of about 21 fim in 
the present case. The components with wavelengths close to this peak point grow faster 
than components of other wavelengths. The evolution of the film described by Fig. 4.4a 
is qualitatively similar to that if we consider surface diffusion alone, as shown in Fig. 4.4b 
(see also Asaro and Tiller (1972); Freund (1995)), or volume diffusion alone, as shown 
in Fig. 4.4c. However, the critical and maximum wavelengths are significantly larger 
when considering surface diffusion alone (about 1510 /im and 2010 nm  respectively), or 
considerably smaller when considering volume diffusion alone (about 0.08 /rm and 0.13 
/im, respectively). Thus, for the set of parameters used to plot Fig. 4.4, neither of the two
*In all the studies involving the determination of Dsoexppqs/kT) of a given surface by corrugation 
decay (e.g. Blakely and Mykura, 1961; Maiya and Blakely, 1967), a value for DgoCsoO.'^ exp{-qs/kT) is 
obtained experimentally. It is then assumed that w d*, with d being the lattice constant. Further,
Cm H~^E(Mullins, 1963) implies that ss d®. A ‘d’ of 3.5 A for Ni (Blakely and Mykura, 1961) then 
gives the above stated value for U.
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diffusion paths alone can explain the waviness formation seen in BCs with the wavelength 
of waviness being tens of micrometers (Chapters 2 and 3).
Erom Fig. 4.4, it is clear that given enough time to evolve, the wavelengths of result­
ing film surface waviness should be relatively independent of the initial surface features 
and be dominated by wavelengths close to Amax- For the material parameters used to 
obtain Fig. 4.4, the contribution to roughening by the first term of Eq. (4.11) is negligible 
compared with the third term at A^ax- Also, at Amax! the contribution to smoothing of 
perturbations by the fourth term of Eq. (4.11) is negligible compared with the second 
term. Thus, at the dominant instability wavelength for the material parameters consid­
ered, the only destabilizing mechanism for the surface perturbations is volume diffusion, 
while the only stabilizing mechanism is surface diffusion. Under these conditions,
Ac =  2 ^ ■ (‘‘■13)
The value of A,nax changes with Di/{DsCg) and stress ctoo as shown in Fig. 4.5. Other 
parameters used to plot Fig. 4.5 are the same as those used for Fig. 4.4a. The domi­
nant surface wavelength in Fig. 4.5 increases with decreasing volume diffusion relative to 
surface diffusion (i.e. decreasing Di/{DgCs))- Figure 4.5 also shows tha t the values of 
Amax decrease with increasing stress at a given relative diffusional rate, Di/{D^Cs). This 
decrease is due to the fact tha t the Amax predicted by surface diffusion alone in Eq. (4.11) 
decreases faster with stress (proportional to cr^) compared with tha t predicted by vol­
ume diffusion alone (proportional to <Too)- Results similar to those in Fig. 4.5 are plotted 
in Fig. 4.6 for low (Fig. 4.6a) and high (Fig. 4.6b) stress values. In Fig. 4.6a, the inclu­
sion of volume diffusion terms has considerable effect on the value of Amax—note tha t 
the y axis has a logarithmic scale—when the film remote stress is low. At high stress 
levels in the gigapascal range (Fig. 4.6b), however, the effect of volume diffusion would 
be insignificant. The neglect of volume diffusion terms in Eq. (4.12) while analyzing the 
epitaxial thin film roughening problems (Freund and Jonsdottir, 1993; Freund, 1995) is 
thus justified for practical ranges of material properties. Further, the range of dominant 
film wavelengths seen in Fig. 4.6b is in agreement with the values reported in thin film
82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
roughening experiments (Ozkan et al., 1997; Gao and Nix, 1999), in line with previous 
analysis (Bruinsma and Zangwill, 1987; Spencer et al., 1991; Gao, 1991b; Freund and 
Jonsdottir, 1993; Freund, 1995). Note tha t the effect of temperature on Amax can be 
qualitatively assessed from Fig. 4.5. As the annealing temperature decreases, the ratio 
D i l { D s C a )  decreases since g* is smaller than gi. Hence, decreasing temperature is equiv­
alent to a decreasing Dil{DsCs) in Fig. 4.5. The actual rate of this decrease will depend 
on (gi - Q s ) .
The film roughening behavior described in the current analysis (Eq. (4.11)) is sensitive 
to the sign of the remote stress, unlike that predicted by considering surface diffusion 
alone (Asaro and TiUer, 1972; Bruinsma and Zangwill, 1987; Srolovitz, 1989; Spencer 
et al., 1991; Freund and Jonsdottir, 1993; Grinfeld, 1993; Freund, 1995; Colin et ah, 
1998). For compressive remote stress (Figs. 4.4, 4.5, and 4.6), the volume diffusion driven 
by the remote stress tends to roughen the film surface, while tha t due to  surface tension 
(i.e. 7 ) tends to smooth out the perturbations. For tensile remote stress, however, both 
volume diffusion mechanisms tend to flatten the surface perturbations (see Eq. (4.11)). 
At a low tensile stress, the volume diffusion—and hence this effect—is dominant. As 
the tensile stress is increased, roughening due to surface diffusion increasingly dominates 
over flattening due to volume diffusion. Figure 4.7 illustrates such a behavior at low 
(Fig. 4.7a) and high (Fig. 4.7b) film tensile stress levels. Note tha t all the other parame­
ters used to plot Fig. 4.7 are similar to those used while plotting Fig. 4.4. Thus, from the 
current model, we conclude that films under low tensile stress will have no tendency to 
roughen, while films under high tensile or compressive stress would tend to show surface 
roughening.
4 .3 .2  V ariab le  T e m p e ra tu re  H is to ry
Although the thermodynamic formulation presented in the previous section is derived 
for isothermal conditions, we can apply it to thermal cycling under certain conditions, 
as described in Appendix A. In jet engines and gas turbines, the thermal histories 
experienced by TEC systems can vary widely according to the mode of application. For
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example, gas turbines used for propulsion as well as power peaking experience multiple 
thermal cycles, whereas those used for power generation are subjected to isothermal 
conditions (Evans et ah, 2001). Several of the BC rumpling experimental observations in 
the literature (Tolpygo and Clarke, 2000; Deb et ah, 1987; Pennefather and Boone, 1995; 
Holmes and McClintock, 1990; Zhang et al., 1999) and in the present study (Chapter 2) 
are done with specimens subjected to multiple thermal cycles with heating and cooling 
times on the same order as the intermediate dwell times. We apply the thermodynamic 
formulation in Section 4.2 to two basic modes of thermal cycling history, triangular and 
sinusoidal.
We take the variation of Di/{DsCa) with temperature reported for Ni (Gjostein and 
Bonzel, 1968; Maiya and Blakely, 1967; Porter and Easterhng, 1981). The change of 
D i l { D g C s )  with T  is controlled by the difference in and (Sections 4.2 and 4.3.1). 
Unfortunately, this variation has not been measured for BC surfaces, or for BC-oxide 
interfaces. The ratio Dio/{DsoCgo) is measured to be about 2.33 x 10“ ’^’ (Gjostein 
and Bonzel, 1968) or 1.77 x 10“ °^ m^ for Ni (Maiya and Blakely, 1967). This ratio is seen 
to vary widely in materials; e.g., it is reported to be about 8.03 x 1 0  m^ for Cu (Choi 
and Shewmon, 1962) and about 1.25 x 10"'^ '* m^ for a-Fe (Blakely and Mykura, 1963). 
The qs values are taken to be 1.7 eV/ atom (Maiya and Blakely, 1967), and 0.82 eV/ atom 
(Gjostein and Bonzel, 1968) for Ni. Note that the variation in the qg and DgcCgo can give 
rise to a very wide variation in the possible values of DgCg at different temperatures.
To obtain a solution of Eq. (4.11) we consider a sinusoidal temperature history, as 
shown in the insets in Fig. 4.8. The temperature variation in the film with time for the 
ith  thermal cycle in this case is
T =  (T„,ax-T„iin) s in [ 7 r ( r - i ) ] ,  i -  1 < r  <  i, (4.14)
where Tmm and Tmax are the minimum and the maximum temperature of cycling, respec­
tively, and T =  t/tc, where G is the period of the cycle. Due to periodicity of the 
problem, we can analyze the evolution of the surface fluctuation amplitude for one cycle 
without the loss of generaUty. It will be seen tha t surface evolution for further cycles
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can be deduced from the same result. We take input parameters similar to those used 
in Chapter 2, with Tmin =  473°K, Tmax =  1473°K, and take the processing temperature 
Tp — 1273°K. The BC mechanical properties are assumed to be the same as those used 
to obtain Fig. 4.4. The stress in the film, a^ o, is taken to be about 25 MPa at 1473°K, 
and zero a t the processing temperature. A linear variation of the stress in accordance 
with the therm al expansion mismatch of the BC and the superalloy gives a BC stress of 
about 120 MPa tensile at room temperature. The stress values and the corresponding 
BC-superalloy thermal mismatch fall reasonably well within that reported in the litera­
ture for BC-superalloy systems (Pan et al., 2003; Karlsson et al., 2002; Watanabe et al., 
2002; Karlsson and Evans, 2001; Panat et al., 2003b; Haynes et al., 2004). Unlike the 
isothermal case (Section 4.3.1), the absolute values of the activation energies affect the 
surface evolution for sinusoidal temperature history.
Solving Eq. (4.11) using numerical integration with the input values described above, 
one obtains
i+l 8 7 r ^ D s o C s O ? (T n tc
J  ^  °  ^ -  a  A -  +  i? J  (4.15)
where a* is the amplitude of the fluctuation with wavelength A after ith  thermal cycle, Pc, 
Qc, Rc, and Sc are numerical constants characteristic of a given temperature waveform 
and BC properties and analogous to P, Q, R, and S  of Eq. (4.12), respectively. The stress 
(7o is a reference stress used to normalize the wavelength in this case, taken to be the 
BC stress at room temperature (120 MPa), and A =  27raQj(ujG) is the dimensionless 
wavelength. For the input values from Gjostein and Bonzel (1968), Pc, Qc, Rc, and Sc 
are 1.291 N/m^, 4.644 x 10  ^N/m^, 8.837 x 10  ^N/m^, and 1.257 x IQ- N/m^, respectively; 
while those from Maiya and Blakely (1967), are 9.804 x 10“^^ N/m^, 3.181 x 10“  ^ N/m^, 
6.697 X 10“  ^ N/m^, and 9.527 x  10“® N/m^, respectively. The normalized amplitude 
growth ratio for one thermal cycle, ln(a*+®/a®), is plotted in Fig. 4.8 as a function of the 
wavelength, A, for the sinusoidal temperature history. Again, we see a trend similar to 
that seen for isothermal temperature history (Fig. 4.4). The Amax value seen is about 10 
pm for Ni.
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For a triangular temperature history (insets in Fig. 4.9), the temperature variation 
for the ith  thermal cycle is given by
f ^min +  2 (Tjnax — T„,jn)(T — i +  1) i — 1 < T <  « — 1/2, , a
i  =  < (4.16)
[  T n i i n  +  2 ( T m a x - r n i i n ) ( i - T )  i  -  1 / 2  <  T  <  Z.
In this case, the surface evolution is similar to that given by Eq. (4.15) with Pc, Qc, Pc, 
and 5c being 2.797 x IQ-^ N/m^, 1.234 x 10  ^ N/m^, 1.138 x 10  ^ N/m^, and 1.929 N/m^, 
respectively, for input values from Gjostein and Bonzel (1968). For input values from 
Maiya and Blakely (1967), Pc, Qc, Pc, and are 1.324 x 10“'* N/m^, 6.211 x 1 0 “  ^N/ui^, 
8.627 x 10“  ^ N/m^, and 1.462 x 10“  ^ N/m^, respectively. The normalized amplitude 
growth ratio for one thermal cycle, ln(a*+^/a®), is plotted in Fig. 4.9 as a function of 
the wavelength. Again, we see a trend similar to that seen for isothermal temperature 
history (Fig. 4.4).
4.4 C om parison  w ith  E x p erim en ts
The nickel aluminide BCs used in the current study are deposited on the Rene N5 
substrate at about 1080°C. As discussed in Section 3.3.1, the GTE of the BC and the 
superalloy dictates that the BC be under tensile stress below, and under compressive 
stress above, the processing temperature. The BC stress level at 1200°C is estimated 
to be about 20-30 MPa (Section 3.3.1). Prom the above discussion and the roughening 
predictions of the current model (Figs. 4.5 and 4.6), it can be seen that the experimental 
observations (Fig. 3.3) agree with the model reasonably well. The relative insensitivity 
of the rumpling behavior with the initial surface morphology (Figs. 3.3 and 3.8) is also 
explained by the current model quite well (Section 4.3). It is worthwhile to note tha t 
the surface and volume diffusivities of the nickel aluminide films are not known. The 
presence of a significant amount of Al, a low melting point metal, in the BC is expected 
increase the surface diffusivity over that of Ni. Uncertainty in the value of fi also affects 
A m a x -  For example, on assuming 0  to be half of that taken in writing Eq. (4.12), 
increases by a factor of 4 (see the footnote in Section 4.3.1), which in turn  increases A m a x
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by a factor of \/2, as per Eq. (4.13). Uncertainty in the value of 7  also affects A^ax as 
given by Eq. (4.13). As stated before, DgCg  can vary by as much as a factor of 10® for the 
same surface depending upon the surface adatom concentration (Asaro and Tiller, 1972), 
a variable difficult to quantify in the current study. Further, the microstructural changes 
occurring in the films during the high-temperature exposure (Figs. 2.3 and 3.5; see also 
Panat et al. (2003a)) can potentially change the properties of the surface and the bulk. 
Lastly, the current analysis describes one-dimensional roughening, while in practice, the 
roughening occurs in two dimensions (Fig. 3.3). We note that the the values of A  and 
5 for BC-oxide interfaces have not been measured. We thus compare the results of the 
current model with the experiments in vacuum, where the surfaces are likely to have no 
oxide layer at high temperature (Chapter 3).
Some estimates can be made for the amplitude change predicted by the current model. 
For conditions used to plot Fig. 4.5, when the remote stress is 25 MPa, Amax is 21 /rm 
(i.e. Di/{DgCs) ~  10“ ®^ m^) and DgCg is 8.16 x 10® s“ ,^ we obtain ln(a/ao) =  5.68 
X  10"® t {t in seconds). From this amplitude ratio, we obtain a wave amplitude (for 
the maximum wavelength) increase of about 67% after 25 hr isothermal heating. For an 
order of magnitude higher DgCg, with the same D i / ( A A ) ,  this increase is over two- 
orders-of-magnitude. In fact. Figs. 3.8 and 3.11 show a two order of magnitude increase 
in the dominant rumple wavelength after a 25 hr isothermal exposure in vacuum.
As stated before, the film surfaces form high-diffusivity paths for diffusion when 
compared with the bulk (Shewmon, 1989). At the same time, the grain boundaries 
in polycrystalhne films can also become high-diffusivity paths compared with the bulk 
under certain conditions. Such effects have been observed in Cu thin films (Weiss et al., 
2001) and in the current study (Fig. 3.9). However, the effect of grain-boundary diffusion 
on surface evolution is expected to decrease as the temperature is increased since the 
activation energy for grain-boundary diffusion is less than that for bulk diffusion. Indeed, 
the decreasing importance of grain-boundary diffusion with increasing temperature has 
been observed in the current study for nickel aluminide BCs (Figs. 3.3 and 3.9). Lastly, 
for temperatures near the BC processing (about 1080°C for nickel aluminide BC and
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about 1 0 0 0 °C for the platinum aluminide BC), the thermal mismatch stress should be 
low and hence no rumpling can occur, according to the current model. This prediction is 
consistent with the experimental results presented in Sections 2 .2 .2 .2  and 3.3.3. At the 
lowest temperatures of 800°C (Figs. 3.10b and 3.17), the BC is under a low tensile stress 
as per the thermal mismatch, and would not rumple according to the current model 
(Fig. 4.7). Moreover, DgCs at 800°C is expected to be low enough for any observable 
rumpling to  occur. These predictions are quantified in Fig. 4.10, where Eq. (4.11) is 
used to estimate the time required, at different isothermal heating temperatures, to 
generate the waviness of the same magnitude as that subjected to 1200°C exposure for 
25 hr. Various processing temperatures are considered that fall in the range usually 
encountered in BCs (Section 4.3). The input parameters in plotting Fig. 4.10 are the 
same as those used to plot Fig. 4.8a. The plot indicates that, at a given isothermal 
heating temperature, rumpling of the same amplitude as that obtained at 1200°C for 
25 hr can be achieved after the heating time dictated by the curves. Different curves 
indicate that different heating times are needed if the processing temperature is different. 
The solid and open symbols are our and other researchers’ experimental results. The 
solid symbols represent the experiments in which rumpling has occurred, whereas open 
symbols indicate no rumpling. Figure 4.10 shows that if the processing temperature is 
about 1050°C, rumpling of same amplitude will occur after 25 hr exposure at 1200°C or 
after 82 hr at 1175°C. However, for the BC surface to generate a comparable rumpling 
at 1150°C, approximately 316 hr of heating time is needed, substantially longer than the 
exposure time used by Tolpygo and Clarke (2000). The exposure times of the isothermal 
experiments at 800°C, 960°C, and 1100°C as well as other researchers’ experiments at 
1100°C (Deb et al., 1987) are all far shorter than what is needed to produce reasonable 
rumpling of a BC surface. Although Fig. 4.10 compares the predictions from the current 
model with the experiments in air in addition to those in vacuum, we note tha t it is 
difficult to estimate D, and 5 for BC^TGO interfaces. From the above discussion, it is 
clear that the current model can explain the lack of rumpling for all the low temperatures 
of testing.
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4.5 C onclusions
In this chapter we present a simple analysis describing the evolution of sinusoidal 
surfaces of stressed films (e.g.BC over a superaUoy) by considering the diffusion of atoms 
through the  film volume and along the film surface. The results predict a continuous 
evolution of the film surface at high temperature, with different rumpling behaviors for 
filtri surface perturbations of different wavelengths. The amplitude of the surface pertur­
bations with wavelength higher than a critical value monotonically increases, while the 
amplitude of perturbations with wavelength lower than the critical value monotonically 
decreases. The analysis establishes a range of wavelengths for which the perturbation 
amplitude increases at a significantly higher rate as compared with other wavelengths. 
The volume diffusion is shown to be influential at relatively low stress levels (tens of mega­
pascals) typically encountered in BCs, while is not important at high stress levels (in the 
gigapascal range) typically encountered in epitaxial thin films. Other factors influencing 
the relative importance of volume diffusion are the ratio of the volume self-diffusivity 
to the product of the surface self-diffusivity with the surface defect concentration. The 
inclusion of volume diffusion terms in the stability analysis implies a different behavior of 
the film surfaces under a tensile and a compressive stress. This effect is, however, shown 
to affect the stability only at low stress levels. The current study shows tha t at the dom­
inant instability wavelength and under low stress and high temperature conditions, the 
only important destabilizing mechanism is volume diffusion, while the only important 
stabilizing mechanism is surface diffusion. The BC rumpling behavior can be explained 
using the current model reasonably well.
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4.6 F ig u res
h (jc,/) ^  A, = 27i/o)
Film
Substrate
F igu re  4.1 Sinusoidal perturbations of free surface of the stressed solid.
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Surface diffusion 
(Direction can vary) Stress driven volume diffusion
Capillarity-driyen volume diffusion
F igu re  4.2 A portion on the film surface between two troughs showing various diffusion 
processes.
k
dx
i k i k
Js  + ( d j j d x )  dx
J v l  j i>2
F ig u re  4.3 Diffusion along surface element of the surface.
91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CD■D—iOo.c
o
CDQ.
■D
CD
C/)W
o'o
o
oo■D
cq'
CD—i
CD■D—iOo.c
a
oo
■D
o
CDQ.
■D
CD
(/)(/)
bO
3x10
3x10®
2x10
2x10
1x10®
SxlO 
0 
5x10 
■1x10® 
•2x10® 
•2x10® 
■3x10 
-3x10
Surface and volume diffusion
21 fim  
X c r  = 15 fxm
20 40 100 120 140 leo  160 200
Surface diffusion alone
0 1000 2000 3000 SOOO
Volurre diffusion alone
' I s  2.0x10’
1.0x10’*-
0.0
•I.OXIO’
0.0 0.4 0.6 0.8 1.0
X((xm) X(fiFn)
F ig u re  4.4 Ratio of amplitude change of a film as a function of wavelength for isothermal temperature history, (a) 
considering both surface and volume diffusion, (b) considering surface diffusion alone (first two terms on RHS of Eq. (4.11)), 
and (c) considering volume diffusion alone (last two terms on RHS of Eq. (4.11)).
140
a„= 15 MPa
120 - G„= 50 MPa
100 -
80 -
a«= 100 MPa
40-
20 -
1x10“
D/CD^ CJCm^ )
F ig u re  4.5 The Amax of a film as a function of Di/{DsCs) [= DyCy/{DgCa
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Surface diffusion alone
Di/(DsCs) = 10’^  ^m'
100 -
I 1 0 -J
10 20 30 50 70 80 SO 10040 SO
o„ (MPa)
1.8
 — Surface diffusion alone
• -O' D/(D^Cj =
- O -  D/(D^Cj = 10'^ ® m" 
- o -  D/(DC^) = 10‘"®
1 .6 -
1.4-
1.2 -
1.0 -
0.8 -
I
0.6 -
0.4-
0.2 -
0.0
3000 40001000 2000
(MPa)
F igu re  4.6 The Amax of a film as a function of the remote stress at (a) low and (b) high 
stress levels for different Di/{DsCs) values.
94
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4x10'
= - 25 MPa
3 x 1 0  -
2 x 1 0 ®  -?
- 4 x 1 0 '
1200 1400200 600 1i
A C|im)
4 x 1 0 '
a  = - 2 GPa
3x10 -
2 x 1 0 ® -
I
£  1x10®-
0 . 0  0.2 0.4 0 . 6  0 . 8  1 . 0  1.2 1.4 1 . 6  1.8 2.0
A(p,m)
F igure  4.7 Ratio of amplitude change of a film as a function of wavelength for a tensile 
film stress of (a) 50 MPa and (b) 2 GPa.
95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1x10“
8x10-
■:« 6x10'
i+l T = t/t.
P  - 2 x 1 0 '
- 1 x 1 0 “
0 20 40 60 80 100
X(|j,m)
1x10'
8 x 1 0 '
m 6x10'
4 x 1 0 ' i+l X  =  t /t^
■o. - 4 x 1 0 '
O  - 6 x 1 0 " “ -
-Ixlff
0 20 40 6 0 8 0
X(jxm)
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temperature history as a function of wavelength with the surface diffusivity from (a) 
Gjostein and Bonzel (1968) and (b) Maiya and Blakely (1967).
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C H A P T E R  5 
C O N C L U D IN G  R E M A R K S  
A N D  F U T U R E  D IR E C T IO N
The present work sheds light on the BC rumpling phenomenon. Besides showing 
the essential features of this instability, the developed model successfully explains BC 
surface rumpling. Experimental results presented in the current work show tha t cyclic 
plasticity is not a likely cause of rumpling. Also, the stresses in the BC alone can 
cause BC rumpling. We have demonstrated through experiments tha t the role played 
by the TGO in inducing BC rumpling is rather limited. The BC microstructure showed 
no correlation with the BC rumples. We then model the rumpling process based on 
BC stresses as the driving force for rumpling. The kinetics of the rumpling process is 
assumed to be governed by surface and volume diffusion. An important result from the 
modeling is that, at the low stress levels (in tens of megapascals) common in BCs at 
high temperatures, the volume diffusion terms in the linear stability model contribute 
significantly to the film behavior. We have also shown that these terms can be ignored 
when the film stress levels are very high (in the gigapascal range). Thus, the model 
from the current work provides a quantitative justification for the assumption made in 
the literature tha t volume diffusion can be ignored while analyzing the roughening of 
highly stressed epitaxially grown thin films. Another important finding is tha t at the 
dominant instability wavelength and under low stress and high temperature conditions, 
the only important destabilizing mechanism is volume diffusion, while the only important
99
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stabilizing medianism is surface diffusion. The predictions from the current model show a 
reasonable agreement with the BC rumpling results reported in the present work and from 
the literature. Equation (4.13) provides guidelines to suppress the rumpling instability 
(by changing Amax to very large values or to very small values) and consequently its 
harmful effects in TEC failure.
The current work can potentially open a new area in TEC research where different 
BC materials can be used in a TEC system such tha t rumpling-related TEC failure can 
be minimized. For example, we know from the model that for a single-crystal BC, the 
TEC life is expected to improve if the operating temperature is below a certain value. 
Future work on TEC life improvement is thus possible based on the work presented 
here. The model predictions can also be used as a basis for calculating the growth rate of 
cracks at the BCmeramic (or TGO-ceramic) interface believed to be responsible for TEC 
life degradation. Considerable work remains to be done in this area, with rehable TEC 
life prediction models being phenomenological rather than based on micromechanisms. 
Lastly, the model presented in Chapter 4 can be extended to two dimensions. A two- 
dimensional model describing the BC surface instability is likely to be a more realistic 
description of the rumpling process.
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A P P E N D IX  A
S urface C hem ical P o te n tia l o f a  S tressed  F ilm  under
Therm al C ycling
In the following analysis, we find out the applicability of the chemical potential given by 
Eq. (4.3) in Section 4.2 if the system is not isolated and the temperature of the system 
changes with time.
Consider a semi-infinite body of unit depth, under a remote stress as shown in Fig. A .l 
(e.g. bond coat in the present work). The strain energy density in the body per unit
volume is [/(e^). Initially, the surface of the semi-infinite body can have “small” pertur­
bations such that d h /d S  «  1 , as described in Section 4.2.
The internal energy of the system, e, is comprised of the strain energy and the surface 
energy, i.e.
£ =  /  17(ey)dV +  / y d s .  (A .l)
Jv Js
The system free energy is
F  = £ -  [  T s  dV, (A.2)
Jv
where s is the local entropy and T  is the local absolute temperature of the solid. From 
Eqs. (A.l) and (A.2),
F = [  U{€ij)dV + [ y d s -  [  TsdV. (A.3)
Jv  Js Jv
The time rate change of the free energy is
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h(x,t)
syj
dS
P-1/k'
F igu re  A .l  Surface of a semi-infinite solid body.
F W(.«)dv +
dt
Ts
a(dS) 
''' dt
a(dv)
(A.4)
IV dt Jy  d t Jy  dt
In writing Eq. (A.4), it is assumed tha t the spatial gradients of U and T  are negligible 
compared with their time variations. The spatial gradient of U can be ignored if the 
remote stress is uniform, while for a metallic skin layer such as a BC, the spatial gradient 
of T  can be assumed to be small.
A simple derivation shows that (Freund et al. (1993))
<9(dS) (A.5)
Furthermore, for small perturbations of the surface, the strain energy change in the bulk 
is negligible compared with that on the surface. Hence,
dS. (A.6 )
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Similarly,
-  j j s V n d S .  (A.7)
Note tha t the above system is not in thermodynamic equilibrium. In the case of a
perfectly flat surface [k — 0), the system will be in (unstable) equilibrium, i.e. F  = 0.
Using this condition and Eqs. (A.4), (A.5), (A.6), and (A.7), we obtain
(A.8 )
Jv  Js J v  ^  Jv  ^
Prom Eqs. (A.4) and (A.8 ),
P  =  f  {U{ei j )  - K j  - T s ) V n d S .  (A.9)
J s
The factor U„ dS is equal to the atomic volume, O, times the atomic flux at dS. The 
chemical potential, x, along the surface of the solid can be obtained from Eq. (A.9) as
x =  ( U - K J  -  Ts ) n ,  (A.io)
where U is the strain energy density along the film surface. The variation in this chemical 
potential along the surface drives the diffusion of the surface atoms along the solid surface 
(Section 4.2). The surface atomic flux, Jg, is then given by (Section 4.2)
Here, we use d /d S  k, 8 /dx  due to the small-slope assumption. Although the system is 
not in thermodynamic equilibrium, the relation ds =  dq/T  is valid at every point along 
the solid surface (due to local thermodynamic equilibrium). The term dq represents the 
local change in the heat energy and is equal to Cp dT, with Cp being the heat capacity 
of the solid. We can then write,
C ,dT - ..
Thus, for a constant temperature along the solid surface, d{T s)/d x  =  0. We then 
obtain Eq. (4.3) in Section 4.2. Thus, we apply thermal cycling to the thermodynamic 
formulation presented in Chapter 4 tha t described the surface roughening of stressed 
films.
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